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ABSTRACT 
Late Pleistocene raised coral reef terraces form extensive outcrops up to 5 km wide 
along the Saudi coast. Six major coral reef sites, with reef heights ranging from 1 to 25 m 
above present sea level, were investigated covering about 1180 km from Haql in north to Al-
Qunfidha in south. In addition to field descriptions, 281 samples were collected from these 
sites to provide the data for this research. Of these six sites, 5 of the sites show coastal 
successions, 3 show inland successions and 2 contain coastal beach rock. In the coastal 
successions, the terrace can be divided into upper and lower part in some locations whereas in 
other areas it appears as a single unit. The subdivision into lower and upper parts is really a 
diagenetic overprint on a single reef succession in exposed coastal locations. This lower part 
shows strong cementation up to 1 m above present sea level which occurred during the 
Holocene high stand sea level and extends into these reefs but does not appear 100-160 m 
from the exposed coastal portion of the reef. The height of the aragonite cementation gives an 
indication that the Holocene high stand sea level in this area was about 1-1.4 m above present 
sea level. The coral coverage and variety are lower in some locations compared to other 
locations within the same exposed coral terraces which is related to the ancient valleys in 
these areas. Inland successions only contain a few corals that are often transported. Most of 
the coral genera that occur in the exposed coral terraces along the Saudi Red Sea coast are 
currently living in shallow water (0-25 m) environments in the modern Red Sea coral reef 
system or extend down to shallow slope depths. The other fauna within these reefs relates to a 
very shallow marine embayment or lagoonal environment with sea level not very far above a 
current elevation of 5.5 m. The coastal reef succession represents part of a central to back reef 
facies rather than a forereef succession where the reefs grew up in a quieter back-barrier area 
behind the reef front. The reef could represent a very broad platform where the back reef area 
signifies the inner part of it. The reef front must have been farther seaward and the sequence 
could represent the stabilisation phase before the reef really became established. The inland 
succession exposed at Rabigh and Al-Ruwais is about 3-4 km inland from the present 
shoreline and mainly consists of poorly cemented coral rubble filled with sediment, shell 
fragments and some intact coral reef. The composition and the height of these back reef 
terraces indicate it represents a rubble bank on the landward side of the reef platform area 
where corals may have been reworked from more seaward parts of the upper reef. Porites 
coral and Tridacna shells were dated using U/Th while clastic sediment from Jeddah was 
dated using thermoluminescence. The pooled mean age for the coral samples is 121.5±0.2 ka 
 
iii 
 
suggesting MIS 5e, even for the uplifted 16-20 m high terrace in the north at Haql. In Jeddah 
the MIS 5e back-reef succession is overlain by fluvial sediment that gave a TL age of 66±13 
ka. The structure and faunal composition of the terraces suggests that they accumulated in 
broad shallow embayments during the last interglacial maximum transgression. The 
consistent elevation of these terraces suggest that the central and southern Saudi coast has 
been tectonically stable for at least the past 125,000 years and the coral reef terraces (at 3-5.5 
m elevation) are related to a MIS 5e sea level high stand at least 6 m above present sea level. 
The Saudi coast north of Duba shows progressive uplift to 16-25 m near Haql since 108 ka as 
a result of ongoing transform faulting in the Gulf of Aqaba. 
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Chapter 1  
1. Introduction 
 
Reefs are one of the earliest structure forming ecosystems on Earth, and corals 
provide the most widely used sea level archive. The study of Pleistocene coral reef systems 
generates significant information regarding the pattern of reef community structure, coral 
species diversity and sea level history of carbonate depositional regions. A study of past reef 
systems should involve field descriptions, dating of the reef structure and assessing its 
implication for past sea level positions. In the Middle East, Pleistocene coral reef systems 
have been studied in detail in many areas including the western and northern parts of the Red 
Sea, but there have been very few studies along the eastern coast of the Red Sea where 
Pleistocene coral exposures occur over a lateral distance of more than 1800 km. This study 
aims to cover this lack by combining field observations and laboratory analyses from these 
exposed coral sequences along the Saudi Red Sea coast. 
1.1 Red Sea 
The Red Sea is a narrow marginal marine basin lying between the African continent 
and the Arabian Peninsula extending for over 1900 km from Suez, Egypt, in the north to the 
Strait of Bab el-Mandab in the south (Fig. 1.1). Geologically, the Red Sea began to develop 
20-30 Ma ago and is considered as one of the youngest oceans on the planet. Over the last 4-5 
Ma the current extended form of the Red Sea developed through slow sea floor spreading. 
The Red Sea separates the coasts of Jordan, Saudi Arabia and Yemen to the east from the 
coasts of Egypt, Sudan, Eritrea and Djibouti to the west. The Red Sea covers approximately 
450,000 km
2 
with a maximum width of 350 km in the south in front of Jizan, Saudi Arabia. 
The greatest depth of the Red Sea is about 3,040 m but about 40% of the Red Sea is quite 
shallow (less than 100 m) and about 25% of it is less than 50 m deep. 
The climate of the Red Sea area reflects desert conditions, with a very hot arid climate and a 
lack of rainfall. The average sea water temperature ranges between 26⁰ - 30⁰C in the summer 
and 24- 28⁰C in winter. Exchange of water masses with the Indian Ocean is restricted by the 
narrow and shallow sill (137 m maximum water depth) at the Strait of Bab el Mandab, which 
is currently 25 km wide (Smeed, 2004). No permanent river flows into the Red Sea but 
occasionally sediment is brought into the Red Sea via a number of wadis especially in the 
 
2 
 
south. The lack of rainfall and excessive evaporation means that the Red Sea is one of the 
most saline seas in the world with salinity ranging between 36.5 in the south and 40-41 ‰ in 
the north (Alraddadi, 2013). The impact of evaporation and wind dynamics in the Red Sea 
dictate water circulation patterns. Additionally, many biological species are endemic to the 
Red Sea, including coral reef and fish species, which have access to distinctive marine 
environments, such as sea-grass beds, salt-pans, mangroves, coral reefs and salt marshes. 
1.2 The Saudi coast of the Red Sea (eastern Red Sea coast) 
1.2.1 Overview  
The western coastline of Saudi Arabia is about 1840 km long, accounting for 79% of 
the eastern seaboard of the Red Sea (Fig. 1.1). This coastline can be divided due to the type, 
diversity and distribution of coastal environments into three regions: 1) northern region of the 
Gulf of Aqaba; 2) the northern-central region from south of the Gulf of Aqaba through to 
Jeddah; and 3) the central-southern region from Jeddah south to the border with Yemen 
(which includes the Farasan Bank and Islands; PERSGA/GEF, 2003). This study will cover 
parts of these three regions with a focus on the second region as will be shown later. 
1.2.2 Climate  
The climate of Saudi Arabia is quite variable because of its diverse topographical 
features and quite large range of latitude. The mean annual temperature in Saudi Arabia is 
28°C according to the Saudi Presidency of Meteorology and Environment (PME). 
Temperatures rise to 50°C in summer, and drop below 0°C during the winter in the northern 
and central regions. Over the whole area, the year can be divided roughly into cooler and 
hotter seasons consistent with the conventional northern hemisphere winter and summer. 
Winter extends from mid-October to mid-April while the rest of the year concedes as 
summer. The average temperature in Saudi Arabia is 28°C, with a highest monthly average 
temperature of 45°C (113°F) during July and August, and the lowest monthly average 
temperature of 3°C (37°F) during December and January (Saudi Presidency of Meteorology 
and Environment, 2005).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
Along the Red Sea coastline of Saudi Arabia, climate is generally hot and humid in summer 
where humidity reaches up to 68% and mean daily temperature ranges between 35°C in far 
north to about 40°C in the far south. It’s cold in winter with mean daily temperature ranges 
between 20°C in far north to about 29° in the far south. For example, the mean annual surface 
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air temperature for the period (1978 – 2010) in Alwajh in north is 24.90°C, while for the 
same period it reaches 30.62°C in Jizan in south (Almazroui et al., 2013). 
The Red Sea basin surface sea water temperature ranges between 22 and 32°C. The average 
annual temperature of the surface waters near the north of the Red Sea is 25°C, increasing to 
26.6°C at 22° N and 28.8°C at 16° N, but the average annual surface water temperature 
decreases to 27.7°C at the Strait of Bab el-Mandeb. 
Humidity is moderate on the western coast of Saudi Arabia and on mountains almost all year, 
but it gets lower farther inland where it is almost milder and drier across the entire year. The 
average annual relative humidity is 24.5%, with the average monthly relative humidity 
ranging from 10% in September at its lowest, and up to 46% in December at its highest. In 
contrast, the inland desert environment produces an extremely hot and arid climate combined 
with minimal levels of precipitation and significant evaporation (averages of 60 mm/y
-1
 and 
2050 mm/y
-1
, respectively; Behairy et al., 1991). The aridity of the area means that diagenesis 
of the last interglacial reef system was minimal. 
Major parts of Saudi Arabia usually receive scanty amounts of rain in winter and spring. 
However, in the summer, rainfall is significant in the south-western mountains. The western 
coast is also characterised by localized and infrequent rainfall. For example, the average 
rainfall is less than 70 mm/yr along the broader coastal plain, 16 mm/yr at Al Wejh, 63 
mm/yr at Jeddah and 63 mm/yr at Jizan (UNEP, 1997). The driest months are June-October 
when no rain falls, while the wettest month is recorded as April, with an average rainfall of 
21 mm. In some regions, such as the Rub Al-Khali, rainfall can be non-existent for up to 10 
years. During the spring season the northern region of the Saudi Red Sea coast can be 
affected by desert depressions that produce heightened levels of atmospheric dust, and 
reduced visibility (Morcos, 1970). These dust storms are a common occurrence and move out 
over the Red Sea creating low visibility conditions. 
1.2.3 Wind  
Along the Red Sea, two major wind flows are significant. The first flows from the 
Mediterranean down the Red Sea axis in the central region and the other flows from the 
Indian Ocean following up the Red Sea axis. 
Both of the flows have the possibility of causing rain, and they meet at the mid-point with 
weak variable winds. In summer these wind flows range the full length of the Red Sea, 
although they are in an anti-clockwise direction over Arabia and Iran and do not cause rain. 
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Fig.1.1. Map of the Red Sea showing the Saudi Arabian coast, salinity profile and indicting coral reef 
densities: shading represents areas of 500 m x 500 m quadrat reef coverage (modified from Saifullah, 
1996, and PERSGA/GEF, 2003) 
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Rain averages are insignificant at about 50 mm; however, this is generally achieved in just a 
few hours, and, therefore, can lead to flash floods and terrestrial run-off that has been linked 
to the death of coral reefs. The development of reefs is more likely to be influenced by the 
sea breezes as the alignment of reefs is influenced by the angle of the approaching waves. 
These winds are the most significant in the Red Sea area, and can create a median wave 
height of up to 0.6 m at the open and outer edges of the reef (Georeda, 1982). 
The wind regime in the middle region of the Red Sea is characterized by seasonal and 
regional variations in speed and direction with average speed generally increasing northward 
(UNEP, 1997; Patzert, 1974). The northern region of the Red Sea, generally understood as 
the region north of latitude 20° N (Fig. 1.3), is subjected to persistent north-northwest winds 
with speeds from 7 to 12 km/h (Rao and Behairy, 1986). However, winds from this direction 
are slightly more frequent in summer than in winter. Southerly winds occasionally blow 
during winter months only (UNEP, 1997). 
1.2.4 Tides 
In general, the tidal range varies along the Red Sea but it is small, being 60 cm in the 
north, near the Gulf of Suez and up to 90 cm in the south at the Gulf of Aden (Edwards, 
1987). Data from five tide stations along the Red Sea coast (Table. 1.1) provided by Marine 
Environment Protection Unit (2011) shows that the coast is microtidal with a mean tidal 
range of 79 cm at Jizan in south and a mean tidal range of 58 cm at Duba in north, while in 
the middle area the tidal range is smaller with a minimum of 33 cm at Jeddah where the north 
and north-eastern winds shape the water movement in such coastal areas. 
Tidal currents are typified by oscillatory and semidiurnal patterns (especially in the middle 
area of the Saudi Red Sea coast), resulting in an average increase in sea level of 1 m during 
the winter period (UNEP, 1997). The tidal velocity generated through the reef, sand bars and 
low island constrictions reaches 1-2 m/sec. Wind has limited impacts on the current speed, 
which typically operates anywhere between 50 and 60 cm/sec, reaching a maximum of 2 
m/sec. This is considerably greater than that of the north-northeast current along the Saudi 
coast, which is 8-29 cm/sec (UNEP, 1997). 
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Table 1.1 Location of the Red Sea tide stations and their mean tidal range (MEPU, 2011) 
Location of tide stations Mean tidal range (cm) 
Duba 58 
Yanbu 46 
Rabigh 36 
Jeddah 33 
Jizan 79 
1.2.5 Geologic setting 
On a broad scale, Saudi Arabia can be geologically divided into four different 
terrains: the Arabian Shield, Arabian platform, Tertiary 'Harrats' and the Red Sea coastal 
plain (Fig. 1.3). The study area is located along the narrow Red Sea coastal plain which is 
known as Tihamah. The coastal plain marks the eastern edge of the north-south Red Sea 
graben, which is bordered by older escarpments and Oligocene-Recent sedimentary rocks 
(Vincent, 2008). This coastal plain extends along the eastern Red Sea for about 1800 km 
from the Gulf of Aqaba and the border with Jordan in the north, to the border with Yemen in 
the south (Sagga, 2004). The breadth of the plain varies from place to place; it is very narrow 
in the north, as is the case north of Al Wajh, but it widens irregularly toward the south 
reaching 40 km wide in the region of Jizan (Chapman, 1978; Fig. 1.3). The coastal plain is 
bordered in the south by a group of small hills, followed by a series of mountains parallel to 
the western highlands (Al-Hejaz and Asir highlands). These highlands extend along the Red 
Sea from the border with Jordan in the north to the border with the Yemen to the south, with 
a length of almost 1550 kilometres, and they vary in width from a few kilometres to 140 
kilometres (Sagga, 2004). Sharms are drowned valleys along the Red Sea coast that bear 
coral reefs, and cut into the coastal plain of Tihamah at the foot of the Precambrian granitic 
mountains of Hejaz. The Tihamah is made of fluviatile alluvium in its inner part and in its 
outer part of Pleistocene coral reefs. 
There are a number of peaks that exceed a height of 2000 m above sea level, with the 
pinnacle of Al-Sawdah Mountain west of Abha (Fig.1.3) representing the highest peak at a 
height of 3015 metres above sea level. The highlands descend abruptly into the Red Sea, and 
gradually inward towards the east. The western highland formed as a result of geological 
movements that occurred during the Triassic, which led to the separation of the Arabian plate 
from the African shield. These movements have led to the formation of longitudinal valleys 
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that permeate these highlands from north to south or vice versa and these lengthy valleys 
extend to the coastal plain, or to the interior regions where water is often lost in the sand (Al-
Shanti, 1993).  
 
Fig. 1.2. Wind regime in the Red Sea and Saudi Arabia during winter and summer (modified from 
Sheppard et al., 1992). 
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The western highlands are composed of granite, gneiss and schist that are robust and resistant 
to erosion processes. These rocks are covered by flood basalt (Al-Harrat) ranging in age from 
late Triassic to Quaternary (Al-Shanti, 1993). The coverage of the Al-Harrat is significant 
throughout the western Arabian plate, reaching up to 180,000 km
2
 from Yemen in the south 
through to Syria in the north. Tertiary and Quaternary lava extends throughout Saudi Arabia 
associated with a fractured/faulted tectonic regime recognisable from the Oligocene or early 
Miocene at about 25 Ma at the start of rifting. The extension fissures along the axis of the 
Red Sea have enabled the rise of basaltic magma, due to the stress created by the production 
of the magma at significant depths. Significant proportions of the magma have risen to the 
surface, and this has led to the creation of flows that formed the basaltic plateaus, or harrats, 
which extend throughout the Arabian Shield including the Red Sea coastal plain and 
escarpment. 
In the middle area of the Red Sea (Jeddah, Rabigh and Yanbu) the coastal plain is relatively 
narrow, about 20 km wide, and comprises thick sequences of sedimentary rocks, primarily 
Late Mesozoic and Cenozoic (Vincent, 2008). It consists of continental and marine sediments 
and some volcanic cones with many salt marshes and sand dunes spread along the surface. In 
addition, no rivers occur in the area but many wadies descend from the western highlands to 
the Red Sea and the coastal plain is commonly cut through at the shelf edge by lagoons 
locally known as sharms (Brown et al., 1989). It is not clear whether the remains of 
Oligocene deposits in the coastal plain are left over from pre-rifting tectonic activity or were 
once more commonly distributed and now represent the last preserved remains of a later rift 
zone deposit. 
Since the early Miocene, at about 25 Ma, and continuing until today, there is significant 
evidence of eruptions. Finally, the harrats of Saudi Arabia reveal consistent volcanologic, 
petrographic and structural features, and are predominantly positioned between 50 and 500 
km east of the Red Sea coast. Such features include emissive axial zones that are organized 
around complex alignments of volcanic-emission centres and emission points lateral to such 
zones.  
The marine beds formed during the opening of the Red Sea in the mid-Miocene are overlain 
by clastic sedimentary and Pliocene reef rocks, which are now enclosed by Quaternary reefs 
(Vincent, 2008). The shoreline is generally a little jagged, and it contains many spikes, bays 
(sharms), uplifted coral reef terraces, clastic accumulation terraces and submarine coral reefs 
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(Al-Shanti, 1993). Also scattered along the vicinity of the coast are about 1150 islands, 
differing in size and distance from the coast, and representing about 88% of the total islands 
in Saudi Arabia; Farasan Al-Kabir represents the biggest island with an area of 380 km
2
 (Al- 
Ghazzawi et al., 2007). The Tihamah is made of fluviatile deposits in its inner part and in its 
outer part of Pleistocene coral reefs. 
1.2.6 Tectonic History 
During the Mesozoic period there was a lack of evidence of tectonic activity, both in 
and around the Red Sea. The interlayering of basaltic rocks with Cretaceous sedimentary 
rocks shows the start of volcanic activity, including the emplacement of thick trap basalt 
sequences in Yemen (Guekens, 1966). The shorelines of early and middle Eocene age extend 
around the southern tip of the Red Sea, such that the horn of Africa was emergent by the end 
of the Eocene epoch (Mohr, 1962). During the Oligocene period separate great uplifts 
developed on both sides of the Red Sea, and these were accompanied by outpourings of 
alkaline basalt. These alkaline basalts have now created thick trap series as high plateaus, 
located behind the Arabian and Ethiopian scarps. During the Pliocene and early Pleistocene 
periods, the southern borders of the Red Sea underwent continued uplift and erosion (Ross et 
al., 1972). In the late Quaternary period, the tectonic history of the north-eastern part of the 
Red Sea (i.e. Gulf of Aqaba) shows a major uplift (Gvirtzman et al., 1992; Strasser et 
al.,1992; Gvirtzman, 1994; Bosworth & Taviani, 1996; Plaziat et al., 1998) The uplift is 
concentrated in the central part of the Gulf of Aqaba where it can be related to local faulting 
and the locus of recent seismic activity as shown by the last large earthquake in 1995 (Shaked 
et al, 2004; Shalaby and Shawky, 2014). The remaining sequences along the southern Red 
Sea coast lack any sign of major uplift and generally suggest relative vertical stability during 
the late Pleistocene (Arvidson et al., 1994, Plaziat et al., 1998, 2008). Consequently, most of 
the studied sites in this thesis (i.e. Duba, Yanbu, Rabigh, Al-Ruwais and Al-Qattan) represent 
essentially tectonically stable areas during the late Quaternary period, while farther north at 
Haql, which is located beside the Gulf of Aqaba, has been influenced by a major uplift (Fig. 
1.1). 
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Fig. 1.3. Main geological divisions of Saudi Arabia.  
 
Fig. 1.4. Geological map of Saudi Arabia.  
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1.3 Aims of the Study 
1- To identify the composition, lateral variation and the different structures of exposed 
reef systems along the eastern Red Sea coast. 
2- To deduce the diagenetic variations in the reef system along the eastern Red Sea 
coast, and to describe the facies changes in these reefs. 
3-  To establish a preliminary age assessment of the reef system along the whole Saudi 
Red Sea coast. 
4- To assess the tectonic stability of Red Sea basin, especially the middle part of it. 
5- To study the morphology of the reef system on the eastern side of the Red Sea. 
6- To assess the sea level implication of the raised reef system. 
1.4 Previous work 
Along the Saudi coast of the Red Sea, fossil coral terraces have not received much 
attention from researchers during the last century compared with other parts of the Red Sea 
(e.g. Gulf of Aqaba and the Egyptian side). The following section summarizes the 
conclusions of the work conducted on the Saudi coast of the Red Sea, while a detailed 
literature review of the previously published work on the coral reef terraces of the Red Sea 
will be presented later in this chapter. 
Nesteroff (1959) was among the first to describe a fossil coral reef terrace on the Saudi Red 
Sea coast when he documented a 30 m high terrace at "Abulat" Island, off the coast near Al-
Lith, and gave a dates of 35 ka by using the 
14
C dating method. This date may appear 
irregular because it approaches the limits of the time span that can be appropriately dated 
using radiocarbon dating techniques (up to 50,000 years). This was the only date from the 
southern part of the Saudi coast while most of the other studies concentrated on the northern 
part near the Gulf of Aqaba with a few other studies in the middle part. Starting from the 
north, a series of late Pleistocene reefs have been reported standing as wave-cut terraces at 
heights between 1- 12 m above modern sea level on the coastal plain (Sestine, 1965) and a 6, 
19, 20 and 30 m high raised reef terraces were also observed (Skipwith, 1973). Also, on Tiran 
Island, situated at the mouth of Gulf of Aqaba, five main raised coral limestone terraces 
extended from sea level up to 520 m above sea level. The marine terrace at 40 m apsl gave a 
U/Th age of 146 ka (Goldberg and Beyth, 1991) while Vincent (2008) perceived reefs more 
than 100 m apsl to the north of Haql but no 
14
C dates were given for these reefs. More 
accurate U/Th age dating was used in later studies. Dullo (1990) dated a terrace 4-6 m above 
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present sea level (apsl) near Umm Lajj (105 ka), a terrace 8-12 m apsl south of Aqaba (96 ka) 
and a terrace at 18-25 m apsl north and south of Maqna (118 ka). Plaziat et al., (2008) 
proposed a different age for the middle unit dated by Dullo (1990) considering the absence of 
diagenetic information and suggested an MIS 9 age rather than MIS 7 for this unit. Also, 
another coral terrace between 6-10 m above sea level was dated using the same method at 
about 95-120 ka (Jado & Zotl, 1984). 
Conversely, in the central and southern Saudi Arabian coast, the marine terraces are all at 
lower levels compared to their northern counterparts. Behairy (1983) studied three limestone 
coral terraces at 1, 3, 10 m above sea level located between Jeddah and Yanbu, with one of 
them sited at Rabigh. The radiometric ages for these terraces were 9980, 18,100, 16,600 and 
31,000 years BP, respectively where the middle two dates are both from the 3 m terrace. He 
used these dates to suggest four major marine transgressions between the mid-Pleistocene and 
present. However, eustatic sea levels at these times were low not high. Another recent study 
in the Quaternary reefal terraces in Rabigh area used U/Th dating for whole rock samples to 
obtain the ages of a <3 m high terrace (Dawood et al., 2013). The results indicate an age of 
128 ka for the lower part, 212 ka for the middle part and 235 ka for the upper part. Bantan et 
al. (2015) dated a 5 m high reef terrace on the Jeddah coastal plain that revealed a range of 
ages between 121 and 299 ka representing possible composite MIS 5-MIS 9 reef deposits. 
However, these studies considered only isolated areas along the central Saudi coast. A 
comparison between the heights and ages for all these terraces will be presented later in this 
chapter. 
1.5 Quaternary history of reefs in the Red Sea with reference to past sea-
level changes 
1.5.1 Coral Reefs of the Red Sea  
Typically, the majority of hermatypic corals exist at temperatures of 18ºC or above. 
The average temperature of the Red Sea ranges between 21- 22ºC and is ideal for generating 
the growth of corals. Another important issue for the growth of corals is the depth of coastal 
waters with no more than 45 m being largely understood as supportive of coral growth. 
Additionally, the coral reef system works to protect a number of other marine species in this 
environment. Salinity in the Red Sea ranges from approximately 36.5% at "Prem" island in 
the south, to 40.5% in the north of the Red Sea. When assessing marine charts of the Red Sea 
area it becomes clear that reefs are far less prevalent in river mouths and valleys, because 
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being located near a valley leads to both a higher proportion of clastic sediment deposits in 
the near-shore zone and lower salinity levels. Such lower salinity levels create gaps in the 
coral reefs. Research has identified that living coral reefs extend along the Red Sea coast to 
depths of more than 100 m, yet such coral communities do not accrete as mesophotic systems 
so, ultimately their chance of survival is minimal. The majority of the time such depths do not 
allow the building of coral reefs, which suggests that the coral reefs may have developed at a 
time when sea level was lower than currently. Alternatively, it can indicate that the sea bed 
was elevated compared to today’s height.  
There is an abundance of coral reefs in the Red Sea, with approximately 230 species of hard 
coral located there. The Red Sea is also efficient at developing coral species along reef 
margins, including Stylophora, linked to Acropora hyacinthus, A. horrida and A. humilis. 
Fauna from both the Indian and Pacific Oceans have moved into the Red Sea through the 
Bab-el-Mandeb Strait in the south, which reflects that the Red Sea generates a productive 
environment for the development of a diverse range of fauna, especially coral reef growth. 
The conditions in the Red Sea that offer such a productive environment for the development 
of coral reef growth relate to the temperature, water purity, high levels of salinity and shallow 
depths of the water with coral reefs exhibiting exceptional tolerance for the high and extreme 
temperatures and salinity levels observed in the Red Sea. These conditions would prove to be 
problematic, leading to either damage or death of coral reefs for those hard coral species 
located in the Indo-Pacific and Caribbean regions.  
Distribution of reefs throughout the Red Sea is varies by region, with the northern gulf area 
having more developed reefs on the western Gulf of Suez compared to those reefs on the east 
coast (UNEP, 1992). The Gulf of Aqaba has mostly narrow fringing reefs or contour reefs, 
while a mainland fringing reef usually occurring along the entire Red Sea coastline, 
especially close to entrances or sharms (Ormond et al., 1984). Sharms are a unique feature of 
the Red Sea, and are drowned valleys along the coast that contain coral reefs, cutting into the 
coastal plain of Tihamah at the foot of the Precambrian granitic mountains of Higaz. The 
northern Red Sea is home to the most classical formations of fringing reefs, between 18-20°N 
(UNEP, 1992). In terms of the southern part of the coast, fringing reefs are found up to one 
kilometre seawards from the coast. Between Jeddah and Sudan, the central Red Sea reaches 
its widest point, providing a site that contains a significant variety of reef types. Looking at 
the Arabian Peninsula side of the Red Sea, reef types are observed to be similar to those 
found in the northern Red Sea, with well-developed barrier reefs (UNEP, 1992). Meanwhile, 
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for the southern area of the Red Sea, there is limited or a lack of reef growth, which is 
identified to be the result of higher sedimentation rates leading to significant amount of sandy 
shores and beaches in this part of the Red Sea (UNEP, 1992). Thus, it is evident that along 
the full length of the Saudi Arabian Red Sea coastline there are large quantities of coral reefs. 
Furthermore, with the notable exception of both the Jeddah and Yanbu areas, these coral reefs 
are maintained in an almost untouched and unspoiled condition (DeVantier and Pilcher, 
2000).  
1.5.2 Reef growth and development  
Coral reefs are categorised into different coral assemblages, reflective of whether they 
are located in the Atlantic or Indo-Pacific Oceans. The Atlantic assemblage is located within 
the West Indies, while the Indo-Pacific assemblage is located throughout the tropical Indian 
and Pacific Oceans (Veron, 2000; Woodroffe, 2002). Corals in the two different regions 
feature varying growth form, relative to the differences in water temperatures, light, and level 
of clean water, all of which are critical for coral growth. As such, branching corals are more 
frequent in high turbidity areas due to their capacity to deal with higher sediment loads 
(Woodroffe, 2002). Reef growth has been classified into five steps, as follows: primary 
framework, secondary framework, erosion processes, internal sedimentation and cementation 
(Scoffin, 1987; Wood, 1999). Additional work on the rates of coral reef growth has shown a 
great variation from as little as 2 mm/year (Smith and Kinsey, 1976) to a maximum growth of 
414 mm/year in the Celebes (Verstelle, 1932, cited in Hoeksema and Moka 1989). The 
significant difference in growth rates is dependent on a range of factors, including sediment 
flux and wave stress. Additionally, reef development is linked to six models of Holocene 
fringing reef development (Fig. 1.5), identified by chronostratigraphic data (Kennedy and 
Woodroffe, 2002).  
1.5.3 Coral reef zones and structures   
Factors such as geographic location and reef type will affect reef zones, and zonation 
is better assessed in terms of biological distribution and physiographic analysis. Currently, 
reefs are understood in terms of zone categories, where, these zones usually develop as 
narrow belts roughly parallel to the coastline. For example, Madagascar, Seychelles and the 
Maldives Islands in the Indian Ocean all constitute separate zone categories. Table 2.1 
illustrates that around 7 or 8 categories are used to assess the physiographic and biological 
data observed, with the outer slope of the Madagascan and Mauritian zonation categories at 
20 m and 5 m, respectively. Additionally, both feature a sea-grass zone, approximately 700 m 
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wide for Madagascar and 100-200 m wide for Mauritius. Table 2.1 presents the features and 
different coral species typical of the different zone categories within the Indo-pacific 
province. Despite this, some reef patterns are categorised into three zones, reef-front, reef 
crest, and back-reef (Fig 1.6). While these zones are characteristic of reefs, the distinction 
between individual reef types is not absolute, as reef zones are also dependant on depth, wave 
energy, temperature, sediment, light, and current (Davis, 1928).  
1.5.3.1 Reef Front (Fore-Reef)  
The outermost seaward slope of the reef is called the reef front. This feature of the 
reef slopes downward at steep angles, at times to significant depths, and is broken into the 
deep fore-reef and the buttress zone. The seaward slope is the outer reef surface and this 
creates an inclination after a depth of 18 m (Orme, 1977). The reef front is largely made of 
crustose coralline algae (Orme, 1977). Meanwhile, the deep fore-reef is the point where the 
reef slope starts to decline, between depths of approximately 5-20 m. It is significant because 
it is where the largest number of coral species is found, due to the lower impact of wave 
activity (Sheppard et al., 1992). As the light continues to decrease in line with depth, reef-
building corals decline, and eventually organisms such as sea fans, sponges and solitary 
corals are found instead. Terraces can form in the reef front (Orme, 1977), however, they 
work as obstacles to the reef front slope (Guilcher, 1988). An example of this is seen in the 
Marshall Islands, which is interesting in terms of terraces because at a depth of 15-21 m the 
‘20 m terrace’ is up to 3.6 kilometres wide (Guilcher, 1988). Yet, terraces are not always 
present in the reef front, and in the northern area of the Red Sea Guilcher (1955) has 
identified that there are no terraces. The buttress zone is the shallowest part of the outer reef, 
a rugged zone made up of buttresses interspersed with deep channels that slope down the reef 
face. Sediment is thus funnelled into deeper water via the slope (Lalli and Parsons, 1995; 
Sumich, 1996). In terms of the upper reef slope, sheltered coral communities are dominated 
by Porites species with a sporadic of Acropora hemprichi, Pocillopora and Faviidae (Head, 
1987). In the Great Barrier Reef the most common coral types are the branching Acropora 
(Wallace, 1975). In the northern part of the Great Barrier Reef the sediments in the reef fronts 
consist of coarse coral detritus, especially broken Acropora fragments (Jell and Flood, 1978). 
1.5.3.2 Reef crest (algal ridge)  
The reef crest, or algal ridge, is a ridge situated between the back-reef and the fore-
reef. It is often visible at low tide, and faces the highest wave action. Due to that factor, not 
all corals can exist in this zone. An example of a type that can exist in this position are the 
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usually short branching corals as they can withstand moderate to high wave action. The 
growth of surge channels and reef front grooves is identified in surge channels of up to 100 
m, at 10-20 m depths (Guilcher 1956). The reef front is connected at the subsurface level, 
thus effectively functioning as a blowhole throughout the tidal cycle. Sediments occur when 
some level of protection is guaranteed against the waves, and thus is typically seen in smaller 
pools on the outer reef flat. A lot of sediment in this zone does not correlate with 
morphological zonation due to the combined impact of transport, mixing and distinctions 
between sediment zones (Guilcher, 1988). In the Great Barrier Reef, sediments on the crest 
are coral and coralline algal fragments that have developed from the reef front, with 
Halimeda and benthonic foraminifera added to them (Hopley, 1982).  
 
 
 
Fig. 1.5. Six models of fringing reef development. a) Accretion and progradation. b) Prograding reef. 
c) Reef over mud. d) Episodic progradation. e) Reef crest and lagoon. f) Storm built reef crest 
(Kennedy and Woodroffe, 2002).  
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Table 1.2 Zonation and some represented coral species within the Indo-pacific Province. (a) 
Stoddart, 1973. (b) Dullo and Montaggioni, 1998. (c) Pandolfi, 1996. 
 Outer Slope (Reef) 
Outer Flat (Reef flat) 
Surface Flat (Radial Zone) Inner Slope 
Reef edge Algal ridge 
Madagascar(a) 
Upper zone: 
Acropora, 
Stylophora, 
Pocillopora 
 
Middle zone: 
Pachyseris, 
Echinopora, 
Platygyra, 
Leptoria, 
Montipora, 
Favia 
Acropora 
 
Lower zone: 
Diploastrea, 
Porites , 
Favia, 
Favites, 
Lobopphyllia 
Acropora, 
Goniastrea, 
Palythoa, 
Lobophytum 
a) a zone of 
Echinopora gemmacea, 
Goniastrea retiformis, 
Stylophora 
 
b) a zone of 
Acropora palifera, 
 
c) a zone of 
Porites 
Acropora, 
Favia, 
Goniastrea, 
Lobophyllia, 
Porites 
Seychelles(a) 
Acropora, 
Fungia, 
Porites, 
Favia, 
Leptoria 
Millepora, 
Pocillopora, 
Acropora, 
Goniastrea, 
Tubipora, 
Palythoa 
 
Stylocoeniella, 
Hydnophora, 
Goniastrea, 
Porites 
Acropora, 
Porites, 
Pocillopora, 
Goniastrea, 
Favia, 
Platygyra 
 
Mauritius(a)  
Porolithon, 
Platygyra, 
Leptoria, 
Acropora, 
Favites, 
Favia 
Acropora Zone – Pavona 
Zone 
 
Maldives(a) 
Acropora, 
Echinopora 
Acropora 
Porolithon , 
Acropora, 
Pocillopora, 
Millepora 
 
Red Sea(b) 
Upper Zone: 
Stylophora, 
Seriatopora, 
Acropora, 
Echinopora 
 
Lower zone: 
Montipora, 
Asteopora, 
Porites, 
Faviidae 
Stylophora, 
Seriatopora, 
 Acropora, 
Millepora 
 
Back reef Zone 
Stylophora, 
Seriatopora, 
Platygyra, 
Millepora 
New Guinea(c) 
Upper fore-reef: 
Acropora  
Favia 
Fungia 
Montastrea 
Goniastrea 
Platygyra 
Porites 
 
Lower fore-reef: 
Reef Crust 
 
Acropora 
Goniastrea 
Favia 
Platygyra 
Reef flat 
 
Acropora 
Favites 
Goniastrea 
Montipora 
Platygyra 
Platygira 
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Diaseris 
Diploastrea 
Favia 
 
 
 
 
Fig. 1.6. Cross-section showing the different reef zones and environments of different reef-building 
forms (James, 1984). 
1.5.2.3 Back-reef (Reef Flat)  
The back-reef, or reef flat, is the shallow area that starts at the shore, and extends 
through to the reef crest. It is the most sheltered part of the reef, with geomorphological 
variation in width and depth, relative to reef type and location of the reef. However, it is 
typically the widest part of the coral reef (Coyne et al., 2003). There is an inverse relationship 
between lagoon depth and reef flat width. After the reef flat is the back-reef, which becomes 
a deep lagoon in barrier reefs and atolls, or a depression with fringing reefs (Darwin, 1842). 
Depressions exist in Madagascar and north of Jeddah, Saudi Arabia (Guilcher, 1956). The 
shallow water found in this zone creates significant differences in salinity and temperature, 
along with sediment accumulation and some exposure at low tides. The depressions are the 
primary sites where loose sediment can accumulate within the reef flat, including coralline 
algae, corals, Halimeda, foraminifers and molluscs (Orme, 1977). Approximately 15-40% of 
coral reef sediments consist of coral fragments, with an estimated 4-22% of reef flat 
sediments made up of mollusc fragments (Orme, 1977). Halimeda sediments are significant 
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in both the Great Barrier Reef and Pacific Ocean reef flats, and coralline algae is important in 
the Caribbean reef flats, however, they are not as important in Indo-Pacific reef sediments 
(Orme, 1977). Such factors all work to limit coral growth, live coral cover and coral diversity 
throughout the area (Pilcher and Abou Zaid, 2000). The majority of reef ecosystem species 
are supported by this zone, including molluscs, crabs, lobsters and worms (Barnes, 1987). As 
identified in the Red Sea, soft corals, particularly Tubipora and Xenia species, flourish in the 
back reef environment (Head, 1987), with evidence of green algae, specifically Halimeda and 
Thalassia, in the outer and inner reef flats of the Caribbean (Orme, 1977). Inner reef flats 
guarantee some protection for algae growth, and are plentiful in grazing (Orme, 1977). A 
large amount of the reef-top surface is absorbed by lagoons, no matter whether deep or 
shallow in nature. Shallow lagoons develop out of the platform reefs’ ‘central decay’, as 
opposed to deeper lagoons that develop out of the back-reef floor growth. Lagoons are 
important for sediment sinks, measuring accumulation rates of up to 5.91 mm/yr (Hopley, 
1982). Lagoons can measure up to 450 m in width, and 40 m deep in the Great Barrier Reef, 
occurring approximately 100 m from the reef front (Hopley, 1982).  
Coral-free lagoons are unusual, with most lagoons having thickets of Acropora on the lagoon 
floor, if nothing else (Guilcher, 1988). In the Red Sea reefs’ shallower lagoons the rocky 
outcrops are typically covered by Stylophora pistillata, which gives rise to Favia, Platygyra, 
Cyphastre and Porites species in the area (Head, 1987). Despite that the reef flats’ external 
surface tends to look and feel hard, internally parts of the reef flat mass are porous and soft 
(Guilcher, 1988). 
1.5.4 Reef platform  
A carbonate body consisting of calcareous deposits is known as a carbonate platform 
(Wilson, 1975). Those reefs on carbonate platforms are located between the internal lagoon 
and the slope, such that they form a rigid, wave- resistant structure, growing outward and 
upward, depending on the conditions at the site. Growth of the platform is influenced by 
water temperature, turbulence, light and pH levels. Growth may also be limited by the 
morphology, width, climate, water circulation and orientation of the margin. Classification of 
reef platforms is based on these factors, with ramps, rimmed shelves and drowned platforms 
the more common models of carbonate platform (Fig. 1.7). 
Ramps feature a gentle slope such that they are affected by sea-level changes giving rise to 
moving facies belts. Rimmed shelves flood and feature exposed platforms tops as seen in the 
Persian Gulf and Shark Bay (Read, 1985). A modern ramp has been identified in the Abu 
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Dhabi complex in the Persian Gulf (Arabian Gulf), with approximately 1 m high massive 
Acropora corals existing there with subsidiary Siderastrea and Porites (Bathurst, 1975). In 
the back reef area of the Abu Dhabi complex there are only scattered corals alongside 
Echinometra and other echinoids and sponges. Rimmed shelves are simply shallow platforms 
that have been bound on their outer edges by high energy waves, creating a significant 
increase in slope down into water of great depths. Examples of these are located in 
Queensland (Read, 1985), and a 60 m wide terrace of large vertically growing Acropora was 
found in southern Florida (Bathurst, 1975). Such corals grow to the seaward of the reef-flat 
where they are able to be protected against the incoming waves. In the back-reef lagoon 
Porites and Siderastred corals thrive, but there is a lack of Acropora. This classification of 
carbonate platforms is necessary for any sequence stratigraphic analysis in order to assess 
carbonate sediment accumulations, while the examples are useful for indicating the types of 
reef platform growths. 
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Fig. 1.7. Types of carbonate platform according to Tucker (1990), Handford & Loucks (1993) and 
Wright & Burchette (1996). From Pomar (2001). 
1.6 Quaternary Reef Terraces on the Red Sea Coast 
The last 2.6 to 2.7 million years (Ma), represents the Quaternary period (Gibbard et 
al., 2008) and is subdivided into two epochs, the Pleistocene and the Holocene. Quaternary 
reef systems, especially the late Pleistocene and early Holocene reefs, are identified as the 
underpinnings of modern reef types and ecologies. It is important to recognise that 
Quaternary reefs can thus assist us to understand reef community’s responses to changes in 
the environment, when assessed over geological time frames (Greenstein, 2007; Pandolfi and 
Jackson, 2007). Furthermore, Quaternary raised coral reef terraces may feature alternating 
reef environments in succession, and this is understood to be the outcome of regression and 
transgression arising from changes in sea level and/or tectonic uplift. Climate changes in the 
Quaternary are identified by such raised reef terraces, seen along coastlines, and it is the 
analysis of such reef fabric and sea levels that assists in understanding reef growth and 
species distribution. Research into raised reef terraces also assists in improving knowledge 
around advancing and declining reef growth, while revealing interesting and factual data 
about salinity, temperature and sea level across the geological ages.  
The Quaternary reef limestone identified along the Red Sea coast plays a significant role 
along that coast, with variation in width from 500 m to 10 km and it occurs at different 
heights above of sea level (Fig. 1.8). Due to the complex relationship between eustatic sea-
level changes and local tectonics, numerous geological and geomorphogical studies on these 
Red Sea coral terraces have concentrated on either sea level history (Behairy, 1983; Dullo, 
1990; Sheppard et al., 1992; Scholz et al., 2004) and/or neotectonic activity (Gvirtzman and 
Buchbinder, 1978; Sneh and Friedman, 1980; Jado and Zötl, 1984;, Plaziat et al., 2008). Most 
of the early studies were concentrated in the northern region of the Red Sea (north of latitude 
27⁰ N, Fig.1) where the Red Sea is divided into the Gulf of Aqaba and the Gulf of Suez. This 
is because of the presence of abundant coral reefs and terraces, tectonic instability and easy 
access to the region. Farther south, both the Saudi Arabian and Egyptian margins are rimmed 
by several levels of Pleistocene and Holocene terraces, but they do not show significant uplift 
and generally suggest relative vertical stability (Plaziat et al., 1998, 2008). In terms of this 
current research, the Red Sea will be understood to consist of three sections; the northern, 
eastern coast and western coast areas.  
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Fig. 1.8. Coral terraces extending up to about 5 m above present sea-level on the Rabigh coast (130 
km north of Jeddah City). 
1.6.1 Northern part of the Red Sea 
The Gulf of Aqaba (Elat) and the Gulf of Suez, enclosing the Sinai Peninsula, are 
located at the northern end of the Red Sea. The Gulf of Aqaba is 180 km long and 25 km 
wide, narrow in the north and widening southwards. It reaches a maximum depth of 1850 m 
along the east coast where both the coastal plains and continental shelves are missing. Within 
the Gulf of Aqaba, fringing reefs are the predominant reef type, as the Red Sea lacks a 
continental shelf and contains a very steep offshore profile (El-Asmar, 1997). The 
topographically highest Pleistocene coral terraces exist along the Saudi Arabian and 
Jordanian margin of the Gulf of Aqaba, at up to 100 m above sea level (Dullo, 1990; Dullo 
and Montaggioni, 1998). This reflects uplift along the southern side of the transform plate 
boundary. In the Quaternary period the northern part of the Red Sea adjacent to the Egyptian 
coast (850 km long) was never more than 200 km wide, which is much less than the 2,250 km 
length from Suez to the Bab el Mandeb entrance of the Indian Ocean. As such, this coastline 
has had little exposure to significant hydrodynamic events. Additionally, the sedimentary 
Terrace 2 
About 5 m apsl 
 
Terrace 1 
About 2 m apsl 
 
Mean Sea 
Level 
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conditions tend to create the development of low-energy coral reef terraces during times of 
sea level high stand (Plaziat et al., 1995). Along the Gulf of Aqaba, the coral reefs work as 
important sea level indicators, with a number of uplifted fossil reefs exposed towards the 
southern end of Sinai, and the north-eastern corner, south of Aqaba. 
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Table. 1.3. Summary of the dated terraces in previous studies on the eastern and western coasts 
of the Red Sea. 
 Terrace 
location 
Elevation(m) 
apsl 
Material Age (ka) Method reference interpretation 
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 Gulf of Aqaba 6-12  95-112  Jado et al., 1989 
a series of three on 
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Scholz et al., 
2004 
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4-5 106-117 
Tiran Island 40  146 U/Th 
Goldberg and 
Beyth, 1991 
MIS7 
Island 2  125 
U/Th Choukri, 1994 
MIS5 
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Abulat Island 30  35,000 14C Nesteroff, 1959 
Approaches the 
limit of radiocarbon 
dating 
Jeddah 5 
Tridacna, 
Porites, 
Strombus, 
and 
Clypeaster 
121-212 U/Th 
Bantan et al. 
(2015) 
MIS 5-MIS 9 
Rabigh 
Lower terrace 
about 0.5 m 
Whole rock 
128 
U/Th 
Dawood et al., 
2013 
MIS5 
Middle terrace 
about 1m 
212 MIS7 
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about 3 m 
235 MIS7 
Between 
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Yanbu 
1 
Limestone 
coral 
9980 
14C Behairy, 1983 
Holocene 3 18,100 
3 16,600 
10 31,000 
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Farasan Island 
Lower reef Coral 33.500 
14C 
Dabbagh et al, 
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limit of radiocarbon 
dating 
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 Lower terrace  87 -131 U/Th 
El Moursi et al. 
(1994) 
MIS5 
between 
Hurgada and 
Mersa Alam 
3  72-123  (El-Moursi, 1992  
1.5  57-87  
El-Moursi and 
Montaggioni, 
1994 
 
Sudanese coast 9 Coral 91 U/Th 
in Berry et al., 
1966 
MIS5 
South of marsa 
Alam 
Lower terrace  80-118  
Butzer and 
Hansen, 1968 
MIS5 
  89-92  
Veeh and 
Giegengack, 1970 
MIS5 
Sharm el Naga 6 Coral 74 - 125 U/Th 
 
Plaziat et al. 1998 
 
Ras Shagra 5 Coral 121-127 U/Th Plaziat et al. 1998 MIS5 
 
25 
 
A reef terrace approximately 98 m above sea level (Dullo, 1984) forms part of the Pleistocene 
reefs, which formed during sea level high stands but reached their current position via the 
processes of sea level fluctuations and tectonic uplift (El-Asmar, 1997). Yet another reef 
terrace can be found farther north along the Gulf of Aqaba, at an elevation of 6 to 12 m. 
These reefs provided an age of 95 to 112 ka, and they have been reported to consist of a 
series of three onlapping reef cycles (Jado et al., 1989). Dullo (1990) supported this 
interpretation, claiming that the 5e, 5c and 5a high sea-level stands were noticeably above 
present sea level, but this analysis remains unconfirmed. Using uranium dating series of 
Porites coral, located in the north of the Gulf of Aqaba provided results with ages between 
121 (+6.7 -5.3) and 121.9 (+7.0 -6.3) ka for a terrace 7-10 m apsl, and 106.4 (+8.9 -8.1) and 
117.1 (+19.7-15.3) ka for a terrace at 4-5 m apsl (Scholz et al., 2004).  
Along the north-western coast of the Gulf of Aqaba there are no uplifted Pleistocene reefs, 
but a fossil reef slightly above sea level was dated by at 4.7 ka near Elat (Friedman, 1965). 
Similar ages have been identified for reefs with comparable elevations throughout the 
southern Sinai coast line (Gvirtzman et al., 1992) and the coast of Aqaba (Al-Rifaiy and 
Cherif, 1988).  There is a narrow belt of modern fringing coral reefs along the coasts of both 
the Red Sea and the Gulf of Aqaba (Loya, 1972). Additionally, there are three preserved, 
elevated fossil reef terraces on the southern Sinai coast, where a sequence of progressive 
diagenesis occurred (Gvirtzman et al., 1977). The original corals were leached of aragonite 
components and low-magnesium calcite was precipitated from meteoric waters. Such terraces 
were formed during the late Quaternary high stand sea levels, with the modern offshore reef 
fringing reef dated at 10 ka and younger (Gvirtzman et al., 1973). 
Recently, two fossil raised reef terraces at the southern tip of the Sinai Peninsula have been 
studied by Parker et al. (2012). Tridacna shells from the 2.5-12 m high raised coral terrace 
set a U/Th ages ranging from 77-129 ka suggesting correlation with MIS 5e for this terrace. 
Tiran Island, at the mouth of the Gulf of Aqaba, features a five main raised coral limestone 
terrace, with a height of 520 m above sea level were the young marine terrace at 40 m apsl 
gave a U/Th age of 146 ka (Goldberg and Beyth, 1991), and a reef at a height of more than 
100 m above sea level was observed to the north of Haql however no dates were conducted 
for this reefs (Vincent, 2008).  
Looking at the south west coast of the Gulf of Suez, tectonic activity caused the raised Late 
Pleistocene reef to be faulted and tilted (Plaziat et al., 1998). Uranium series dating of the 
reef gave age of 115, 114 and 102 ka. Further investigation with the use of 24 U/Th dates has 
identified that the reef unit is older than these dates, instead ranging from 116 to 130 ka 
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(Choukri, 1994). Finally, with yet another study that dates the 2-8 m high coral terrace, 
located on islands in both Hargada and the north part of the Red Sea, found results ranging 
between 125-150 ka. Such results place the terraces into MIS 7 and MIS 5 (Hoang and 
Taviani, 1991). 
1.6.2 Eastern coast of the Red Sea 
Despite the fact that an estimated 79% of the eastern coastline of the Red Sea is situated 
along Saudi Arabia, measuring around 1,840 km, there remains little published research on the 
results of coral dating in that area. Older coral reefs on the east coast have been identified using 
14
C dating, with a 30 m high terrace at Abulat Island, near Al-Lith, giving an age of 35,000 
years (Nesteroff, 1959). The use of radiocarbon dating techniques is believed to no longer be 
true or effective after 50,000 years, and as such, this finding seems somewhat problematic as 
the age approaches the maximum age associated with the technique. However, a number of late 
wave-cut terrace Pleistocene reefs with heights of 1-12 m above modern sea level have been 
identified along the Red Sea coast (Sestine, 1965). Additionally, raised reef terraces with 6, 19, 
20 and 30 m altitudes above mean sea level have been analysed (Skipwith, 1973). Throughout 
both the south west and central Saudi Arabian coast, marine terraces are measured at lower 
levels than those found in the north. Behairy (1983) analysed three limestone coral terraces 
between Jeddah and Yanbu. The first terrace was north of Jeddah at 1 m above sea level, the 
second north of Tuwwal at 3 m above sea level and the third terrace about 0.5 km inland from 
the shoreline south of Yanbu was 10 m above sea level. This research suggested radiometric 
ages of 9980, 18,100, 16,600 and 31,000 years BP for these terraces, with the research linking 
this to four major marine transgressions that occurred between the mid-Pleistocene and present 
(Behairy, 1983). Further, the research suggested that the altitudes of the marine terraces above 
contemporary sea levels was due to tectonic uplift, even though the eustatic sea levels during 
that era was not high (Fig. 1.9).  
Later U/Th dating for two raised (6-10 m) coral reef samples north of Duba gave an age of 95-
120 ka (Jado et al. 1989) while Dullo (1990) dated a terrace 4-6 m above present sea level 
(apsl) near Umm Lajj (105 ka), a terrace 8-12 m apsl south of Aqaba (96 ka) and a terrace at 
18-25 m apsl north and south of Maqna (118 ka). Despite the paucity of geochemical and 
mineralogical evidence for possible diagenetic modification of the corals, these ages reflect 
MIS 5 reefs or terraces. Dullo (1990) considered that the terrace consisted of three on-lapping 
reef cycles representing Marine Isotopic Stage (MIS) 5e, 5c and 5a sea level high stands that 
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were significantly higher than currently accepted global MIS 5 high-stand, thus indicating a 
strong tectonic uplift in the Aqaba area. 
A more recent study by Scholz et al. (2004) using Porites corals determined an age of 121-
122 ka for a 7-10 m apsl terrace and 106 ka for a 4-5 m apsl terrace at the north end of the 
Gulf of Aqaba. They noted that diagenetic addition of uranium was an important factor in this 
area and based their conclusions on isochron ages. 
In contrast to determining the age of the terraces in the northeastern Red Sea region, 
dating on the central Saudi coast is sparce and suggests a wide range of ages for the terraces. 
Dawood et al. (2013) applied the alpha-counting U/Th dating method to three whole rock 
samples within a single terrace 3-4 m high in the Rabigh area, resulting in the lower reef part 
providing an age of 128±0.2 ka, the middle with 212±0.2 ka, and the upper reef part an age of 
235±1 ka. This suggests that deposition occurred during a period of significantly higher sea 
levels, which are typically linked to the MIS 5 and 7. The age of the lower reef part reflects 
stage 5e during the last interglacial period. Such results are consistent with those identified 
from emerged reefs on the west coast of the Red Sea at Egypt and Sudan. Despite this, such 
measurements of the upper reef part are not consistent with similar level terraces throughout 
the Red Sea, but may be understood to reflect the significantly low thorium content and the 
need to use the uranium-series when dating such corals (Dawood et al., 2013). Most recently, 
Bantan et al. (2015) dated a 5 m high reef terrace on the Jeddah coastal plain that revealed a 
range of ages between 121 and 299 ka representing possible composite MIS 5-MIS 9 reef 
deposits. 
However, these studies only considered isolated areas along the central Saudi coast. To assess 
the Quaternary terraces along the Saudi coast in terms of their relationship to late Quaternary 
sea level changes and to determine the extent of neotectonic influences, a more 
comprehensive assessment of the age and composition of these raised coral terraces is needed 
and is provided in this study. 
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Fig. 1.9. Global sea-level change over the past 140,000 years according to the Red Sea isotope record 
(Bailey et al., 2007 using data from Chappell and Shackleton 1986; Lambeck and Chappell, 2001). 
1.6.3 Western coast of the Red Sea  
Countries on the west coast of the Red Sea include Egypt, Sudan, Eritrea, and 
Djibouti. The majority of research about Quaternary reefs on the west coast of the Red Sea 
have focused on Egypt, with little work on the Eritrean, Sudanese and Djibouti coral reefs 
existing before the 1980s (Berry et al., 1966; Butzer and Hansen, 1968; Veeh and 
Giegengack, 1970; Faure et al, 1980) while more published dates have appeared within the 
last three decades. Within this research, there has been a wide range of late Pleistocene ages 
ascribed to the coral reefs, ranging from 50 to 150 ka for the lower raised reefs (1-9 m) 
previously referred to late Pleistocene times (Gvirtzman et al, 1992; Gvirtzman, 1994; El-
Moursi, 1992; El-Moursi et al, 1994; Walter et al., 2000).. Specifically, a coral reef on the 
Sudanese coast provided a coral radiometric U/Th date of 91 ± 5 ka, and was identified as a 
Last Interglacial reef grown on a stable coast (9 m above msl; in Berry et al., 1966). 
Along the Egyptian Red Sea coast, the Quaternary reef terraces are typified by regressive and 
small-scale transgressive cycles (Ahmed, 1993). Such marine terraces indicate various 
elevations above present sea level (El-Asmar and Attia, 1996). The Red Sea’s Pleistocene 
reefs are mentioned in the earliest research about raised reefs, with those reefs south of Mersa 
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Alam some of the first to be dated as Late Pleistocene units in Egypt, at ages of 118 and 80 
ka (Butzer and Hansen, 1968), and 89-92 ka (Veeh and Giegengack, 1970). A more 
comprehensive analysis of Egyptian reefs identified a relationship between the age and 
elevation of the Pleistocene coral reef terraces (El Moursi et al., 1994). Applying the U/Th 
dating method reveals an age of 87-131 ka for the four lower terraces, suggesting that they 
represent marine isotope stage5 (MIS5) deposition. This has led to the claim that the higher 
terraces belong to MIS 7 and 9, strengthened by assessment of their field occurrence and 
stratigraphic relations. Meanwhile, other reef terraces with a 3 m height, between Hurgada 
and Mersa Alam, have been radiometrically dated, with results suggesting ages between 72.1 
to 123.6 ka, while a 1.5 m terrace produced three ages, 87.6, 86.6 and 57.6 ka (El-Moursi, 
1992; El-Moursi and Montaggioni, 1994). Looking at the same area, approximately 15 km 
north of Marsa Alam, eight dates were identified, with the oldest measuring at 248 ka, no 
matter the large (234U/238U), and potentially placing it at MIS 9 (Arvidson et al., 1994). 
Other dates measured between 102-122 ka, and as such reflect the typical range of 5e reef 
(normal 120-122 ka plus rejuvenated 113-102 ka dates). It is possible that a 133 ka date may 
reflect the process of rejuvenation, such that it is placed at MIS 7 (Arvidson et al., 1994). The 
issue of an altitude of 3 m above sea level is consistent with such a rise in sea level, and a 
measurement of MIS 5e drowning. Such a measurement supports the process of rejuvenation 
during the subtidal diagenetic episode.  
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Chapter 2: Methods 
2.1 Sampling  
Six major coral reef sites, with reef heights ranging from 1 to 20 m above present sea 
level, were investigated in two field trips along the Red Sea coast covering about 1180 km 
from Haql in north to Al-Qunfidha in south (Fig. 1.1). In addition to field descriptions, 281 
samples were collected from these reef terraces and sample details are shown in Table 2.1. 
Table 2.1 Details of collected samples from both trips along the Saudi coast. 
Sample Type Samples from first field trip Samples from second field trip Total Samples 
Porites 10 19 29 
Other Coral 134 9 143 
Tridacna 4 10 14 
Other Shell 0 8 8 
Carbonate Rock 42 26 68 
Beach Rock 12 4 16 
Sediment core 2 1 3 
 
Most of the samples were collected by using hammer and chisel while for some coral samples 
a 50 cm long electrical drill was used to collect clean, un-weathered cores from the corals for 
dating. 
Given the research aims, coral and shells were collected for age dating while carbonate rock 
samples were collected in order to conduct petrography and XRD analysis. Approximately 
500 g samples of carbonate rock were collected from different elevations in each reef. Three 
sediment cores were collected from the upper and lower part of the lower terrace in the Al-
Ruwais area for TL dating. 
The collected samples were shipped to Australia to conduct the laboratory analyses. The 
laboratory work started with cutting the samples into 3 small parts for thin section, XRD and 
dating. Corals were identified by their families and genera using the reference by Veron 
(2000). 
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2.2 X-ray diffraction (XRD) 
XRD analyses were conducted for carbonate rock and for coral samples. Firstly, for 
carbonate rock samples, XRD analyses were utilized to obtain the mineralogical composition 
of these terraces in different areas and heights to see if there is any correlation of results 
between the stratigraphic height and any mineral in the samples from any location. Carbonate 
rock samples were crushed by using a laboratory crusher (Tema) to a fine powder for the 
XRD analyses. 
Secondly, for coral samples, XRD analyses were used to define the percentage of aragonite in 
order to determine if it is present in an amount great enough to be potentially useful for U/Th 
dating. Prior to the XRD analyses, coral samples were cleaned by putting them in an 
ultrasonic bath and then cleaned using an ultrasonic probe in Milli-Q water to remove any 
coral powder or debris left from the rock sawing process and any loose diagenetic minerals. 
The samples were then crushed by hand to a fine powder in an agate mortar to avoid heating 
the sample and changing the aragonite/calcite composition. Then the powder was back 
packed into the XRD sample holder with no pressure. 
For both, carbonate rock and coral samples, the percentages of minerals were calculated 
using Siroquant
TM
 software. 
2.3 Petrographic analyses 
Thin sections were prepared for petrographic analysis and the analyses were done in 
the University of Wollongong laboratories. All the carbonate rock samples (68), some of the 
beach rock samples (10) and some of the coral samples were thin sectioned. The locations 
and heights of the reef limestone samples are provided with details in the appendix 1 and 2. 
The carbonate rock samples were cut for thin sections using a cut-off saw with embedded 
diamonds and ground flat before being impregnated with epoxy resin mixed with a blue dye 
to highlight cracks, pore spaces and voids in samples. The samples were mounted on glass 
slides and ground and polished using carbide grit until they were about 0.03 mm thick. The 
sections were covered with glass cover slips and were used for microscopic analysis to 
characterize the texture, identify the minerals, recognize diagenetic components, determine 
simple cement stratigraphies, describe and classify the carbonates, and identify and quantify 
pore types in the samples. For the coral samples, the same procedures were used but a clean, 
fresh part of the coral was initially placed in an ultrasonic bath to clean it. After that, the thin 
section was made as before but without blue dye. Thin sections were analysed using 
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standard petrographic techniques. A Leica DM 2500P polarizing microscope was used for 
the thin section petrographic analysis using x10 eyepieces, giving 40x, 100x and 400x 
optical magnification while photomicrographs were taken digitally using the Leica DFC 
400 camera system. 
For carbonate rock thin sections, the limestones are classified according to a modified 
version of Dunham’s (1962) scheme and the quantitative composition of the biota and non-
skeletal grains was established by point counting (sampling target = 300 and stage interval = 
5). While for coral thin sections, the study focus was to recognize diagenetic components and 
cements which can be an indicator for the suitability to use these samples for dating and 
paleoclimatic study. 
2.4 Uranium-Thorium dating 
Uranium series dating is one of the most widely employed radiometric dating 
technique in Quaternary sciences. The uranium-thorium (U/Th) numeric dating method was 
developed from detection by mass spectrometry of both the 
234
U and 
230
Th products of decay. 
This is conducted through the emission of an alpha particle, with the decay of 
234
U to 
230
Th 
forming part of the lengthier decay series beginning with 
238
U and ending with 
206
Pb. U/Th 
dating is an absolute dating technique because it utilises the properties of the radio-active 
half-life of the two alpha emitters 
238
U and 
230
Th. The half-life of 
238
U is T1/2=4,470,000,000 
y, while the half-life of 
230
Th is much shorter, at T1/2=75,380 y. When comparing uranium 
and thorium, a precise approximation of the age of an object can be obtained, although this 
method is only suitable for those objects that initially have no 
230
Th content. 
When using U/Th dating, the initial ratio of 
230
Th/
234
U from the time of sample formation 
must be identified, as over time, 
230
Th will build up in the sample due to radiometric decay. 
Therefore, the sample age is calculated based on the difference between the initial ratio of 
230
Th/
234
U and the ratio present in the sample being dated. The method works on the 
assumption that the environment is a closed system, that is the sample does not exchange 
230
Th or 
234
U. Also, the method is useful for those samples that retain uranium and thorium, 
for example teeth and carbonate sediments. The method has been used in samples aged 
between 1000 and 300,000 yr B.P. 
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2.4.1 U/Th dating of coral 
The 29 coral samples with high percentages (>97%) of aragonite were chosen for 
U/Th dating. Coral samples were cut along the growth axis into 5 mm thick slices with a 
maximum length of 6 cm and width of 3 cm using a water lubricated rock saw. Coral slices 
then were cleaned in two steps including ultrasonic bath and ultrasonic probe. Firstly, coral 
slices were put in an ultrasonic bath with Milli-Q water for 30 minutes. Then the samples 
were cleaned again in Milli-Q water using an ultrasonic probe which focused the ultrasonic 
beam along the sample. The ultrasonic probe allows removal of any coral powder or debris 
left from the rock sawing process and any loose diagenetic minerals. The output level of the 
ultrasonic probe was left below 2 MHz to avoid the destruction of the microstructures of the 
coral skeleton. X-ray diffraction (XRD) analyses were conducted on all coral samples to 
define the percentage of aragonite in order to determine if it was pure enough to be 
potentially useful for U/Th dating. The percentages of minerals were calculated using 
Siroquant
TM
 software. Then, the 29 coral samples with high percentages (>97%) of aragonite 
were U/Th dated at the Radiogenic Isotope Laboratory, University of Queensland following 
the analytical methods reported in Zhao et al. (2009) and Clark et al. (2012, 2014). Sample 
aliquots (50–100 mg) were dissolved in nitric acid, spiked with 
229
Th-
233
U and chemically 
separated to create a U–Th solution with a final U concentration of less than10 ppb. The U–
Th isotopic ratio was measured by MC-ICP-MS using Hellstrom’s (2003) method with minor 
modifications proposed by Zhou et al. (2011). A mass fractionation correction for both U and 
Th isotopic ratio measurements was based on a 
238
U/
235
U value of 137.82. The 
230
Th memory 
was consistently less than 0.1 count s
-1
, and the memory for all other isotopes was negligible. 
Open-system model ages for these samples were calculated by using Thompson et al.’s 
(2003) model since open-system model ages provide a realistic estimate of the true age for a 
sample when the initial 
234
U/
238
U is elevated above the seawater value of 1.1455 ± 0.0023 
(Cheng et al., 2000) or 1.1468 ± 0.0001 (Andersen et al., 2010). Frank et al. (2006) found 
that the Thompson et al. (2003) and Villemant and Feuillet (2003) open system model ages 
gave essentially the same results (within uncertainty) provided the amount of post-
depositional alteration is small. Since these conditions are met for many of the samples in this 
study the Thompson et al. method was adopted here. However, as pointed out by Stirling and 
Andersen (2009) the techniques and constants used in U-series dating need to be improved to 
increase the accuracy of age determinations. In addition, the quoted errors probably represent 
minimum errors since they are based on the analytical method alone. Also, providing a 
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comparison of the Thompson et al. (2003) calculated ages with ages and errors derived from 
the Villemant and Feuillet (2003) method and the Scholz and Mangini (2007a) isochron 
methods would be ideal, but both need multiple analyses per coral specimen while in this 
thesis only one date per coral specimen is conducted and therefore isochron analyses could 
not be produced. 
2.4.2 U/th dating of Tridacna shells 
Uranium series dating was attempted on three large Tridacna gigas shells from the 
back-reef portion of the same reef system as no corals suitable to date could found in these 
areas. Aragonite content was determined by XRD before shell slabs were cleaned, polished 
and dated by using U/Th dating. Samples RB2 and RB4 (72-73% aragonite) were collected 
from the Rabigh back-reef area in the lower part of the terrace (2 m apsl) and the flat area at 
the base of the terrace (1m apsl), respectively, while sample Y1 (99% aragonite) was 
collected from the Yanbu back-reef area at a height of 1.8 m. U/Th dating was performed by 
laser ablation multi-collector ICPMS at the Research School of Earth Sciences, Australian 
National University. The analyses were carried out using a custom-built laser sampling 
system interfaced between an ArF Excimer laser (193 nm; Lambda Physik LPX120i) and a 
ThermoFisher Neptune multi-collector ICP-MS (Eggins et al., 1998a, 1998b, 2003, 2005). In 
brief, it employs a single long working distance lens to project and demagnify (by a factor of 
20) the image of a laser-illuminated aperture onto the sample surface, which enables a range 
of geometries to be ablated within bounding dimensions of between 1 and 400 m. Laser 
pulse rates of 5 Hz were employed with a fluence of 3 J/cm
2
. Spot analyses (50 m spot size) 
were carried out by drilling each hole for a period of 60 seconds and the signal was then 
averaged over a period of 60 seconds. 
Baisacly, isotopes ratios are corrected for ablation yield using a 150 ka mollusc standard and 
U and Th concentrations using NIST SRM610. Measured 
234
U/
238
U and 
230
Th/
238
U isotopic 
ratios were corrected for elemental fractionation and Faraday cup/SEM yield by comparison 
with a 150 ka-old mollusc standard (S. Eggins; pers. comm., 2015). Uranium-234 and 
230
Th 
were corrected for contribution of 
238
U tail on masses 234 and 230, respectively. Mean 
background count rates measured with the ‘laser off’ were subtracted from all measured 
isotope intensities. U and Th concentrations were calculated from repeated measurements of 
the NIST SRM610 standard. Closed-system ages were calculated with (
234
U/
238
U) and 
(
230
Th/
238
U) activity ratios using IsoPlot (Ludwig, 2003). Ratios were not corrected for 
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detrital contamination as such contamination is expected to be negligible, based on 
(
230
Th/
232
Th) activity ratios >1,300 (Tables. 5.2, 5.3, 5.4). 
2.5 TL Dating 
Thermoluminescence dating was conducted on three sediment samples. The samples 
were collected from the upper and lower parts of a 4 m high terrace in the Al-Ruwais area, 3 
km inland in Jeddah and were dated in the University of Wollongong thermoluminescence 
laboratory. Core samples C1 and C2 were collected in open ended tubes from the lower back-
reef part of the outcrop at heights of 3.35 m and 4.25 m apsl respectively, while sediment 
sample C3 was collected from the overlying fluvial sediment (at about 5.3 m apsl). These 
samples were analysed by combined additive and regenerative methods using the 90 to 125 
µm quartz grain fraction separated by wet sieving and suitable chemical treatment followed 
by heavy liquid separation. This method provides a means of checking for possible TL 
sensitivity change caused by the laboratory procedure. As a modern sample analogue was not 
available the TL starting level at the time of final deposition for each sample was assumed to 
be that reached following a 24-hour prepared sample exposure beneath a laboratory 
ultraviolet lamp (Philips MLU300W). In order to correct for sample aliquot variations all TL 
outputs recorded were nomalised using a second glow procedure following a standard 
irradiation of approximately 19 Grays. Each sample analysis utilised 28 sample aliquots in 
total, eight of these were used to determine the natural TL accumulated since the time of 
deposition, six to check for sensitivity change and fourteen in the preparation of a TL growth 
curve to which the mean natural TL value was fitted. By this means the equivalent radiation 
dose accumulated since the time of deposition was determined. 
The annual radiation dose for each TL sample was determined by thick source alpha counting 
(TSAC) to determine the uranium and thorium specific activity and x-ray fluorescence (XRF) 
to measure the sample potassium and rubidium contents. Corrections were made for cosmic 
radiation and measured as collected sample moisture contents. The presence of moisture 
moderates the radiation received by the sample thus increasing the age determined by 
approximately 1% for each 1% increase in moisture. Full details of sample preparation and 
TL measurement procedures were given by Shepherd and Price (1990). 
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Chapter 3: Field attributes of the Saudi coral reef sequences  
3.1 Study area 
The study area is located along the western coastline of Saudi Arabia, which stretches 
for about 1840 km forming about 79% of the eastern coast of the Red Sea. The study area 
covers most of the middle part of the coast for about 1180 km starting from Al-Qunfidha in 
the south to Haql in the north near to the (Saudi-Jordanian border). Farther south at the 
Farasan Islands (west of Jizan) a similar sequence of coral terraces appears, but the area could 
not be covered in this study due to restricted access. Most of the reefs along the Red Sea 
coast have a good potential for preservation since the climate in this region is so dry, while in 
more temperate climates the reef would have dissolved away or been extensively weathered. 
Coral terraces were studied at six main accessible sites along the coast including Haql, Duba, 
Yanbu, Rabigh, Al-Ruwais and Al-Qattan (Al-Shoaibah; Fig. 3.1, 3.2). For each site, a field 
description of the terrace topography and facies is provided with maps, sketches and figures. 
 
Fig. 3.1. A profile showing the height of the coastal exposures along the Saudi Red Sea coast. 
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Fig. 3.2. A diagrammatic representation of the coral terraces in each of the main study areas showing 
the elevations and the dated coral samples locations in relation to the modern coral platform elevation. 
a) Haql. b) Duba. c) Yanbu. d) Rabigh. e) Rabigh back reef. f) profile from the Rabigh coast to the 
back reef area showing the location of the quarry excavation. g) Al-Ruwais. h) Al-Qattan. 
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3.2 Haql 
The Haql area is the farthest north studied location along the Saudi Red Sea coast 
(Figs. 1.1 and 3.3). The upper surfaces of the carbonate terraces observed along this part of 
the coast range in heights between 17 -20 m above present sea level with a thickness of 5-6 m 
for the coral reef terrace (Fig. 3.2). The terraces cannot be divided into upper and lower 
layers but much of the lowest 2 m of the terrace was covered by scree sediment (Fig. 3.4). 
 
Fig. 3.3. Sample sites in the Haql area in the northern part of the Red Sea. 
3.2.1 Locations near Al-Wasel H1 (29°11.450’N, 34°54.037’E) and H2 (29°09.674’N, 
34°53.578’E) 
Starting from the north, the top of the coral terrace at location H1 is raised to about 20 
m above present sea level with a reef thickness of 5-6 m (Fig. 3.4a-b). This is supported by 
the second site H2 3.9 km south of H1 which has the same terrace with similar heights and 
thickness (Fig. 3.4c-d) and hence just one description is provided for both locations. The reef 
is pale brown (5YR 5/2) in colour. Starting from the base of the terrace, the lower part of the 
terrace shows a structure of muddy shelf sediment with about 4 m thickness (Fig. 3.5). This 
muddy lower part is partially covered by loose sand scree and contains a few disoriented 
Favia favus corals, coral rubble and a higher proportion of echinoids and other shells (Fig. 
3.7). A clear vertical change occurs through the terrace with a break where this lower part is 
overlain by larger in situ reef corals that form the remainder of the terrace (Fig. 3.4). This top 
54 km 
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part of the terrace shows a typical reef structure where corals are exposed at the surface 
generally representing an erosional surface covered predominantly in carbonate sand and clay 
with many shells partly filling the voids between the coral colonies in some parts (Fig. 3.6). 
This probably represents holes in the reef that have been filled with younger material. Porites 
lutea, Porites nodifera, Fungia scruposa, Favia favus and Acropora humilis are the main 
corals in this reef (Table 3.1) and they are associated with many coralline algae (Fig. 3.4d). 
These corals are found in a growth position with some Acropora humilis reaching only 15 cm 
wide suggested a stressed growing environment (Fig. 3.6). While towards the rear of the reef, 
coralline algae become dominant and a lot of gastropods are present. Dated samples were 
collected from the carbonate reef terrace. The lower part of the terrace could represent the 
initial stage of substrate stabilisation before the reef corals could become established. 
 
 
Fig. 3.4. The terrace in the Haql area showing: a) the structure of the coral terrace in H1raised to 
about 20 m above present sea level. b) The top part of the terrace where corals are exposed at the 
surface covered predominantly in carbonate sand and clay. c) The terrace structure in location H2 
with similar heights and thickness (Car in bottom left serves as scale). d) Acropora humilis corals in 
this upper part of the reef associated with many coralline algae (pen is 15 cm long). 
A 
B 
C 
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Fig. 3.5. The coral terraces at location H1 in the Haql area showing: a) The structure of the muddy 
unit extending for about 4 m beneath the coral terrace. b) Favia favus corals in this muddy lower part 
of the reef (pen is 15 cm long). 
 
 
 
 
Fig. 3.6. The top part of the terrace at location H1 in the Haql area showing: a) the abundance of 
medium size (about 15 cm) Acropora humilis corals (pen is 15 cm long). b) Acropora humilis, 
Acropora maryae and Porites nodifera corals. 
 
A 
B 
A B 
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Fig. 3.7. The lower muddy sediment sequence at location H1 in the Haql area contains: a) Favia favus 
coral and some shells. b) Favia favus coral and coral rubble. c) a lot of shells and echinoid spines and 
coral rubble (pen is 1 cm wide). 
3.2.2 Location H3 at North Qusara – Magna (28°29.365’N, 34°46.937’E) 
The terrace at H3 is at a height of 17-20 m with a reef thickness of 5-6 m; it also 
shows the same colour and reef structure as the previous locations H1 and H2 (Fig. 3.8) even 
though it is 80 km southwest of H1. The top part of the terrace shows a reef structure and is 
dominated by coralline algae with only smaller size (about 15-20 cm) corals (Fig. 3.9) 
including Porites nodifera, Fungia scruposa and Favia favus (Table 3.1). The carbonate 
terrace overlies a sandstone structure with no corals and only few shells. This lower sequence 
is partially covered by loose sand scree. Dated samples were collected from the carbonate 
reef terrace. 
 
C 
B A 
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Fig. 3.8. The coral terrace at location H3 in the Haql area showing: a) an overview of the coral terrace 
on top of sandstone. b) the upper part of the terrace dominated by coraline algae. 
 
  
Fig. 3.9. The upper part of the terrace at location H3 in the Haql area showing: a) Coralline algae. b) 
Porites nodifera coral. 
 
3.2.3 Location H4 at Qusara beach (28°28.837’N, 34°46.437’E) 
 
At location H4 (1.3 km SW of H3) the carbonate terrace is about 18-20 m high. Most 
of this terrace was mud-dominated specially the lower parts and dominant with coral rubble, 
shells and regular echinoderms. A vertical change occurs toward the top of the terrace with 
no clear break where a few Fungia scruposa, Favia lacuna and Porites lutea coral appears in 
some areas and a few sponges and up to 30 cm across Tridacna gigas shells were also found 
(Fig. 3.10). A Tridacna sample was taken for dating. The terrace in location H4 could suggest 
a back reef deposition environment. 
B A 
B A 
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Fig. 3.10. The terrace at location H4 in the Haql area showing: a) a mud dominated area suggesting a 
back reef environment. b) Favia lacuna coral in the muddy matrix (hammer is 28 cm long). c) 
Tridacna gigas shell in non-growth position. 
3.2.4 Summary 
The tops of the coral terraces in the Haql area range in height between 17-20 m above 
sea level with a reef thickness of 5-6 m. Sand has covered most of the lower part of the 
outcrops (about 4 m) in most locations (H1, H2 and H3) but, where exposed, in parts of H1 
and H4, this lower unit features a high level of mud material with a lot of shells, echinoid 
spines and coral rubble. Coralline algae, bivalve shells and gastropods are found at all the 
locations. The upper carbonate succession in most of the sites starts after a break and 
represents the reef structure with Fungia scruposa and Porites lutea being the main corals in 
all the locations while a low abundance of Acropora occurs at location H1 and H2 and Favia 
lacuna at location H3. The dominance of Fungia and Porites coral suggests a shallow water 
system for these carbonate terraces (Lieske and Myers, 2004). These Haql terraces could 
represent a back reef environment with a series of corals that extend over large distances and 
growing up forming a pela. The lower part of the carbonate terrace could represent a higher 
C 
B A 
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energy environment before the establishment of the reef with more rubbly material, some 
disoriented corals, and higher proportions of echinoids and other shells. In contrast, the upper 
part of the reef has the larger in situ corals. A more recent sand has come in between the reef 
areas covering the lower part and forming a scree slope. 
Table 3.1 Identification of the main coral genera in the coral terrace in Haql area (based on 
Veron, 2000). 
Location Main Coral genera in Order of Abundance 
H1 Acropora humilis, Favia favus, Fungia scruposa, Porites lutea, Porites nodifera 
H2 Acropora humilis, Fungia scruposa, Porites lutea, Porites nodifera 
H3 Fungia scruposa, Porites lutea, Porites nodifera 
H4 Fungia scruposa, Porites lutea 
3.3 Duba 
The Duba area is located 273 km south of Haql (Fig. 3.1). Coral terraces were found 
south of Duba stretching along the shoreline for about 0.5 km and then there were no 
accessible outcrops for the next 70 km until an additional terrace stretched for about another 
0.5 km (Fig. 3.11). The heights and continuity of the two terraces are variable where in some 
parts it rises to 4 m and in others it rises to a maximum height of 12 m above sea level with a 
terrace thickness of 4-6 m. 
3.3.1 Location D1 (26°38.528’N, 36°12.959’E) 
Location D1 is located 13 km south of Duba city (Fig. 3.11). Coral terraces are found 
along the shoreline stretching for about 0.5 km with a maximum height of about 3.5 m (Fig. 
3.12). The terrace has about a 20 cm thick black cemented base while the main terrace is a 
pale brown (5YR 5/2) coral-rich unit with a thickness of about 220 cm (Fig. 3.13). The 
terrace is very rich in the long tree coral Acropora maryae with the occurrence of many other 
coral genera including Acropora humilis, Porites nodifera, Favia lacuna, Galaxea 
fascicularis, Fungia scruposa and Goniastrea edwardsi (Figs 3.14-3.15c; Table 3.2). 
Most of these corals are in growth position with medium size (reaching 30 cm long) for the 
Acropora maryae and large size (about 50 cm wide) for the Porites nodifera. Also, this 
terrace contains significant amounts of coralline algae, a lot of echinoid spines and some big 
Tridacna gigas (Fig. 3.15). The top part of the terrace consists of slightly friable coral and 
coral rubble representing an eroded top. 
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Fig. 3.11. Map showing the sample sites in the Duba area. 
 
Fig. 3.12. Overview of the terrace at Location D1 in the Duba area showing the continuity of the 
terrace along the coast. 
Duba 
D 1 
D 2 
D 3 
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Fig. 3.13. An overview of the terraces at location D1 in the Duba area standing about 2 m from the 
intertidal zone and showing the upper coral-rich unit and the lower black cemented base which is 
mostly coated with algae or lichens. 
  
  
Fig. 3.14. The terrace at location D1 in the Duba area contains: a) Acropora maryae coral. B) Porites 
nodifera and Goniastrea edwardsi coral. C) Acropora humilis, Porites nodifera and Favia lacuna 
coral. D) Large Porites nodifera coral (about 50 cm wide) (pen is 15 cm long). 
 
B A 
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Fig. 3.15. The terrace at location D1 in the Duba area contains: a) coralline algae.  b) Galaxea 
fascicularis coral (pen is 15 cm long). C) Tridacna gigas shell and echinoid spines.  
3.3.2 Location D2 (26°38.839’N, 36°12.660’E) 
Location D2 is about 70 km south of location D1 (Fig. 3.11). A series of coral terraces 
outcrop for about 0.5 km and rise to about 12 m in height with a reef thickness of 4-6 m. The 
horizontal changes through the succession show two different structural settings. In the first 
area (S-1; northern part of the location) the top 4 m consists of the coral terrace that overlies a 
muddy formation in some places (Fig. 3.16). Whereas in the second structure (S-2) the 
terrace also rises to about 12 m in height but with a lower reef thickness of 4-6 m (Fig. 3.17) 
overlain by rubble. This could be a result of a possible fault between the two sections which 
results in the northern raised terrace (Figs 3.16- 3.17). 
In the first structure (S-1), the lower mud formation contains some small coral fragments, 
shells and echinoids but has more sediment and broken material associated with it (Fig. 
3.18d). The overlying upper 4 m coral terrace includes many coral genera in growth position 
such as Acropora maryae, Porites lutea and Fungia scruposa (Fig. 3.18c). While in the 
C B 
A 
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second structure (S-2), the lower part shows similar features to the terrace in location D1 with 
about a 20 cm thick black cemented base and a pale brown (5YR 5/2) coral-rich unit 
containing significant amounts of coralline algae, a lot of echinoid spines and some big 
Tridacna gigas. It is also, very rich in the long tree coral Acropora maryae (Fig. 3.19b) but 
many other coral genera are present, including Favia lacuna, Porites lutea, Galaxea 
fascicularis and Fungia scruposa (Table 3.2). Most of these corals are in growth position with 
Acropora maryae up to 40 cm long. The top part of this terrace structure consists of sediment 
and broken material associated with a rubbly coral deposit (Fig. 3.19). This must represent a 
younger deposit that has eroded the upper part of the terrace farther inland. It is probably not 
related to the last interglacial terrace and probably represents fluvial material. 
  
Fig. 3.16. A map of location D2 in Duba area showing the higher section (S-1) in north of location 
and indicates the possible fault. 
S-1 
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Fig. 3.17. The terrace at location D2 south of Duba shows a possible fault behind this section where 
two different structural settings appear. The upper part is probably younger reworked material.  
  
F 
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Fig. 3.18. The first structure (S-1) of the terrace at location D2 shows: a-b) an overview of the terrace 
that rises to 12 m where most of the lower part consists of muddy material. c) The upper part contains 
some coral. d) The lower part is filled with a lot of shells, echinoid spines and coral rubble. 
 
 
 
 
 
Fig. 3.19. The second structure (S-2) of the terrace at location D2 shows: a) an overview of the coral 
terrace in the lower part covered by a top part of younger sediment and broken material associated 
with a rubbly coral deposit. b) The terrace is very rich in the long tree coral Acropora maryae 
associated with many other coral genera. c) The internal structure of the terrace. d) A closer view with 
some fossil corals and sponges.  
C D 
A B 
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3.3.3 Location D3 at Al-Demegha (27°15.337’N, 35°46.938’E) 
This location is 1 km south of Location D2 (Fig. 3.11); a terrace about 4 m height was found 
which is similar to the terrace in location D1. The terrace has about a 20 cm thick black 
cemented base that probably also an algal coatings and secondary cement, while the main 
terrace is a pale brown (5YR 5/2) coral-rich unit with a thickness of about 380 cm (Fig. 3.20). 
The terrace is very rich in the many coral genera with most of them being in a growth 
position including Acropora maryae, Acropora humilis, Acropora pharaonis, Porites 
nodifera , Favia lacuna, Galaxea fascicularis, Fungia scruposa and Goniastrea edwardsi 
coral (Figs 3.21-3.22; Table 3.2). Also, this terrace contains significant amounts of coralline 
algae, a lot of shells, echinoid spines and some big Tridacna gigas (Fig. 3.22). 
 
Fig. 3.20. An overview of the terrace in location D3 (80 km south of Duba) showing a 20 cm thick 
black cemented base and an upper part with similar features to the terrace in D1. 
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Fig. 3.21. The terrace in location D3 at Duba area showing: a) Acropora humilis and Favia lacuna 
corals. B) Galaxea fascicularis, Acropora pharaonis and Favia lacuna (pen is 15 cm long). 
  
Fig. 3.22. The terrace at location D3 south of Duba showing: a) Porites nodifera, Favia lacuna coral 
associated with shell (pen is 15 cm long). b) large Favia lacuna and Porites nodifera in mud matrix 
with echinoid spines.  
3.3.4 Summary 
The coral terraces in the Duba area range in height between 3.5 -12 m above sea level. 
Terraces at locations D1 and D3 are similar with a maximum height of 4 m and with a lower 
B A 
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cemented part and coral-rich upper part. Both terraces are dominated by Acropora maryae 
with a significant amount of coralline algae and many other coral genera (Table 3.2). 
On the other hand, the terrace at location D2 is higher than the rest of the structure and can be 
divided into two different structures S-1 and S-2. The first structure (S-1) shows a lower part 
consists of a mud-dominated succession containing common shells and echinoids while the 
upper coral terrace appears on top of it after a clear break and is similar to the coral terrace in 
the Haql area with a higher elevation (about 12 m above sea level). This upper coral terrace is 
dominated by Acropora maryae, Porites lutea and Fungia scruposa corals associated with 
abundant coralline algae. The second structure (S-2) shows the coral terrace in the lower part 
with the same coral genera appears while the upper part is covered by younger sediment and 
broken material associated with a rubbly coral deposit. This top younger deposit is probably 
not related to the last interglacial terrace and probably represents fluvial material with 
siliciclastic grains. The different structure of the terrace in location D2 suggest a proposed 
fault behind the terrace as shown in Fig. 3.16 where the terrace has about 6-8 m uplift where 
the first structure (S-1) appears. The lower shelly and coral rubble part in this structure could 
represent a stabilisation phase of the reef where the reef starts growing in top of it. While the 
upper part is equivalent to the 4 m reef at locations D1 and D3. 
Table 3.2 Identification of the main coral genera in the coral terrace in Duba area (based on 
Veron, 2000). 
Location Main Coral genera in Order of Abundance 
D1 Acropora humilis, Acropora maryae, Favia lacuna, Fungia scruposa, Goniastrea 
edwardsi, Porites nodifera , Galaxea fascicularis 
D2 Acropora maryae, Fungia scruposa, Porites lutea, Galaxea fascicularis  
D3 Acropora humilis, Acropora maryae, Acropora pharaonis, Favia lacuna, , Fungia 
scruposa, Goniastrea edwardsi, Porites nodifera , Galaxea fascicularis 
 
3.4 Yanbu 
The third study area is located 4 km north of the Cement Factory, 60 km north of 
Yanbu City and 300 km south of last study location D3 (Figs. 3.1 & 3.23). In this area the 
back-beach is narrow and the near-shore zone is occupied by a hard and flat pavement of 
coral reef where the depth of water is no more than 60 cm as far as the breaker line about 90 
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m from the shore (Fig. 3.22a). The reef is covered with a thin layer of carbonate sediment 
caused by erosion of the submerged reef and biological activity in this region. 
Coral terraces extend for about 10 km along the coast and are separated by some small sandy 
beaches (Fig. 3.24a). The maximum heights of the terraces are 3.7 m above sea level and they 
can be divided into upper and lower layers (Fig. 3.24b). The area also features an inland reef 
deposit about 30 m east of the coast which varies in height between 11-20 m above sea level 
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Fig. 3.23. Map showing the sample sites in the Yanbu area. 
3.4.1 Location Y1 (24°16.435’N, 37°31.153’E) 
The coral terrace at Location Y1 is about 2.7 m height and very strongly cemented 
which makes it hard to distinguish internal features. It can be divided into two layers. The 
lower layer is about 1.6 m thick, with a light coloured lower part and dark coloured upper 
part and consists of cemented coral and limestone (Fig. 3.25a). The upper layer is about 2 m 
thick. It is partly cemented and dominated by Lobophyllia corymbosa and Goniastrea edwardsi 
coral with some other coral genera such as Platygyra daedalea and Acropora maryae (Fig. 
3.25b-c). The back and top of the terrace is covered with younger coastal sandy carbonate but 
some other coral genera outcrop in places, such as Acropora pharaonis and Porites nodifera 
(Fig. 3.25d). The terrace appears along the coast for about 10 km with no major alteration. 
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Fig. 3.24. The coral terrace in Yanbu area: (a) stretches along the coast where the shore zone occupied 
by a hard and flat pavement of coral reef. (b) Divided into upper and lower layers mainly based on the 
degree of cementation (hammer is 28 cm long). 
 
  
  
Fig. 3.25. Coral terrace at location Y1 in the Yanbu area showing: (a) the cemented upper and lower 
parts. (b) Lobophyllia corymbosa and Goniastrea edwardsi coral in the upper part of the terrace. (c) 
Goniastrea edwardsi, Platygyra daedalea and Acropora maryae corals in the upper part of the 
terrace. (d) Porites nodifera coral at the top of the terrace. 
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3.4.2 Locations Y1b (24°16.872’N, 37°30.924’E), Y2 (24°17.235’N, 37°30.087’E) and Y3 
(24°17.001’N, 37°30.865’E) 
About 30 m east of location Y1, another reef succession (Y1b) rose to a height of 15-
20 m above sea level (Fig. 3.26). The lower part is a big carbonate sand bank where some 
coral such as Porites lutea was observed in non-growth position (Fig. 3.26b). The top of the 
sand bank passes upwards into a carbonate-rich rubble with many coral fragments but a few 
corals in growth position including Coscinaraea monile and gardinoseris planulata. The whole 
succession is partly covered by younger sand and rubbly material. The succession continues 
north for about 700 m with the same features (Locations Y2 and Y3). Coral samples were 
collected from this succession but they all too altered.  
  
 
Fig. 3.26. The inland reef succession in Yanbu location (a) Overview of the terrace in location Y1b 
with a height of 15-20 m above present sea level. (b) Porites lutea coral in the upper part of the 
succussion in Y2. (c) Coscinaraea monile and Gardinoseris planulata in location Y3 (hammer is 28 
cm long). 
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3.4.3 Locations Y4 (24°19.074’N, 37°28.956’E), Y5 (24°21.622’N, 37°26.223’E) and Y6 
(24°21.947’N, 37°25.969’E) 
At location Y4 the terraces are very similar to those at Location Y1 but they are a bit 
higher (about 3.8 m) and very cemented which make it hard to provide detailed descriptions. 
The terrace at Y4 can also be divided into two layers. The lower layer is about 1.5 m thick, 
with a light coloured lower part and dark coloured upper part and consists of cemented coral 
and limestone (Fig. 3.27a). The black colour could be a result of the algae on the surface of 
the terrace while the lower white part has been scoured by wave action. The upper layer is 
about 2.3 m thick. It is partly cemented and contains Fungia puamotensis, Acropora humilis, 
Galaxea fascicularis and Porites lutea corals (Fig. 3.27b). Locations Y5 and Y6 show the same 
terrace and features. 
  
Fig. 3.27. The terrace in location Y4 in the Yanbu area showing: a) the lower layer with a light 
coloured lower part and dark coloured upper part and the upper layer. b) A closer view of the partly 
cemented upper layer with Fungia puamotensis and Acropora humilis corals (hammer is 28 cm long). 
3.4.4 Location Y7 (24°25.041’N, 37°27.675’E) 
At Location Y7 (Fig. 3.23) the terrace appears with a similar height (about 3.5 m) but 
with totally different features. The terrace can be subdivided into two layers (Fig. 3.28a). The 
lowest unit rises about 2 m above the surrounding flat area and consists of well cemented 
mud with occasional gastropods, Clypeaster and regular echinoderms (Fig. 3.28d). Only 
minor coral rubble fragments appear in this layer (Fig. 3.28b). The upper part of the exposure 
is a moderate brown colour (5YR 4/4), poorly cemented and contains coralline algae, 
gastropods and some calcareous worm tubes (Fig. 3.28). Acropora maryae, Oxypora 
A B 
 
58 
 
convoluta, Galaxea fascicularis and Goniastrea edwardsi corals appear in this layer in about 
20% of the visible area. The terrace in this location shows similar features to one in the Haql 
area and suggests a back reef environment. 
  
  
Fig. 3.28. The terrace in location Y7 at Yanbu area showing: a) an overview of the mud dominant 
terrace subdivided into two layers (hammer is 28 cm long). b) The lowest unit rises about 2 m above 
the surrounding flat area with low coral rubble fragments. c) Oxypora convoluta coral in the upper 
part. d) Dominant Clypeaster in the mud matrix (pen is 15 cm long). 
3.4.5 Summary 
The terrace in the Yanbu area can be divided into a reef terrace and inland terrace. 
The main reef terrace extends along the coast for about 10 km with a maximum height of 3.7 
m above sea level showing the same features in locations Y1 to Y6 but at location Y7 the 
terrace represents a back-reef environment. The main terrace is well cemented which makes it 
hard to describe any internal features but it can be divided into two layers. The lower layer 
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starts with a light coloured lower part and a dark coloured upper part and consists of 
cemented coral and limestone. It is overlain by the upper layer that is partly cemented and 
dominated by many different coral genera (Table 3.3). The terrace at location Y7 shows a 
back-reef structure with a muddy lagoonal facies overlain by carbonate rubble containing a 
few corals and many coralline algae and gastropods. 
On the other hand, the inland terrace appears about 30 m east of the front terrace in locations 
(Y1/b, Y2 and Y3) where it rises to 15-20 m above sea level (Fig. 3.23). The lower carbonate 
sand bank and carbonate top part of the terrace is similar to the one in Duba and Haql but it 
could represent much older terrace where the height position and the coral content disclaim it 
as a back reef terrace for the last interglacial terrace. Coral samples were collected from the 
front terrace for dating while no suitable coral samples were found in the inland terrace. 
Table 3.3. Identification of the main coral genera in the coral terrace in Yanbu area (based on 
Veron, 2000). 
Location Main Coral genera in Order of Abundance 
Y1 
Acropora maryae, Acropora pharaonic, Goniastrea edwardsi, Lobophyllia 
corymbosa, Platygyra daedalea, Porites nodifera  
Y1/B, Y2, Y3 Cosinaraea monile, Gardinoseris planulatain, Porites lutea 
Y4, Y5, Y6 Acropora humilis, Fungia puamotensis, Porites lutea, Galaxea fascicularis 
Y7 Acropora maryae, Goniastrea edwardsi ,Oxypora convoluta, Galaxea fascicularis  
 
3.5 Rabigh 
The Rabigh area is located about 130 km north of Jeddah city (Fig. 3.1). Most of the 
Rabigh shoreline features marine coral limestone reefs which represent old near-shore reef 
deposits, covered with sediments deposited by wind that were derived from erosion of coral 
limestone and the adjacent mountains consisting of Triassic igneous and metamorphic rocks. 
The Rabigh area is characterised by the presence of two lagoons, Al-Kharrar in the north, and 
Rabigh lagoon to the south. The studied portion of the Rabigh coast stretches for about 12 km 
between the two lagoons (Fig. 3.29). The back-beach is narrow and the near-shore zone is 
occupied by a hard and flat pavement of modern coral reef where the depth of water is no 
more than 60 cm as far as the breaker line about 90 m from the shore (Fig. 3.31). The top of 
the modern reef flat approximates mean low tide level. The reef is covered with a thin layer 
of carbonate sediment caused by erosion of the submerged reef and biological activity in this 
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region. Also, the area is characterized by long-shore coastal currents and tide, which can 
affect the sediment textures in this area. 
Two layers can be recognised in the older exposed coral terraces along the coast and they 
show a remarkable variation in width and height. In contrast, along some parts of the coast the 
terrace has been hidden by the infrastructure in the area. The lower part of the terrace ranges 
from 90-110 cm in thickness while the upper part of the terrace is about 2 m high (Fig. 3.31). 
A back reef terrace appears about 3 km inland and ranges from 1-3.5 m high. In general, the 
reef terrace is wider and more continuous in the middle part of the coast, as seen at location R4 
(Fig. 3.30), whereas in the north and south only individual eroded reef remnants are preserved. 
 
 
 
Fig. 3.29. Location map of the Rabigh area showing study area between the two lagoons including the 
back reef area. 
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Fig. 3.30. Location map of the Rabigh area showing sample sites. 
  
Fig. 3.31 (a). The upper and lower part of the reef along the Rabigh coast. (b) The modern near-shore 
coral platform along the Rabigh coast.  
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3.5.1 Main Reef 
3.5.1.1 Location R3 (22°48.277’N, 38°56.422’E) [coast-guard station] 
Starting from the north, near the coast-guard station (R3), two layers of exposed coral 
reef appear with no record of beach rock (Fig. 3.32a). The lower part of the reef has an 
elevation of about 1.1 m, with a dusky blue colour (5PB3/2) and is well cemented with 
carbonate as the main feature. This part of the reef shows a scarcity of corals (Fig. 3.32b). 
The upper part of the reef at this location rises to a height of up to 3.0 m (i.e. 1.9 m thick) and 
represents a rapidly grown reef sequence. This upper part of the reef is poorly cemented and 
contains common coralline algae. Many Acropora, such as Acropora humilis and Acropora 
maryae, and some Faviidae and Porites corals are also present (Table 3.5) with a lot of coral 
rubble and calcareous tube worms up to about 90 cm long (Fig. 3.33). 
  
 
Fig. 3.32. The terrace at location R1 in the Rabigh area showing: (a) an overview of the upper and 
lower sequences. (b) The lower reef, which consists mostly of cemented carbonate sand, overlain by 
the upper poorly cemented reef which contains common coralline algae and corals. (c) Acropora 
maryae coral are common in the upper reef at location R3 (hammer is 28 cm long). 
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Fig. 3.33. The upper part of the terrace in location R3 at Rabigh area showing: (a) a long calcareous 
worm tubes (about 90 cm). (b) Gastropods and Acropora humilis coral (pen is 15 cm long). (c) Poorly 
sorted sediment containing abundant carbonate fragments and coralline algae between Goniastrea 
edwardsi corals. (d) Porites nodifera coral (pen is 15 cm long). 
3.5.1.2 Location R4 (22°48.398’N, 38°56.541’E) 
For about 4 km southwards from location R3 the coral reef continues along the north 
Rabigh coast to location R4. In the latter area the lower part of the reef is quite similar to the 
lower reef at location R3, being about 1.4 m high and consisting mostly of well cemented 
carbonate sand, showing a dusky blue colour (5PB3/2). Coral from the genus Fungia 
dominated, with an appearance of some Faviidae and some gastropods (Table 3.4; Fig. 3.35). 
The lower reef in locations R3 and R4 may represent a sheltered part of the reef facies since 
the minor occurrence of reef corals and the dominance of coralline algae suggest that this 
sequence is not a reef front deposit. This suggests that the reef front must be farther seaward 
and the sequence could represent the stabilisation phase before the reef really became 
established. 
In the upper part of the reef at location R4, large vertically-growing coral colonies are well 
expressed with a height of 2.4 m above the lower part of the reef that is dominated by large 
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coralline algae (about 50cm). Most of the corals in this reef are from the genera Coscinaraea 
monile and Galaxea fascicularis,, with an appearance of some gastropods (Fig. 3.32). 
 
  
  
 
Fig. 3.34. (a) Two layers of the coral reef at location R4. (b) The infrastructures in the area where the 
reef disappears. (c) The lower reef in location R4 shows a difference in colour and fossil content 
between the layers where the lower reef looks darker and more cemented than the upper reef. (d) 
Bivalve shells, Tridacna gigas, were found at the base of the exposed lower reef. This is a more recent 
shell embedded into cemented beach rock adjacent to the reef (pen is 15 cm long). 
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Fig. 3.35. The upper part of the reef at location R4. (a) Overview of the upper reef at location R4. (b) 
Large Coscinaraea monile coral (about 50cm) (cell phone is 11 cm long) (c) Porites coral (d) large 
coralline algae (cell phone is 11 cm long). 
3.5.1.3 Location R2b (22°47.7’N, 38°57.2’E)  
A large excavation area (600 m x 250 m) found 100-200 m east of the beach at 
location R2b, revealed a 4.8 m thick coral terrace (Fig. 3.36a), which is the same reef 
structure as at location R4. The terrace appears as one unit with no major alteration and 
cementation in the lower part. Porites lutea is the main coral type in this reef and is found all 
around the excavation with a variable appearance of other genera (Table 3.5). The top of the 
excavation shows a typical reef structure but the reef is not laterally continuous where 
sediment and clay with a lot of shells filled gaps within the reef in some places (Fig. 3.36c-d). 
These sediment patches probably represent holes in the reef that have been filled with 
contemporary or Holocene material. 
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Fig. 3.36. (a) A large excavation area in location R2b 100 m east of the beach in the Rabigh area. (b) 
The coral terrace in the excavation area appears as one unit with no major alteration and contains 
numerous Porites lutea corals. c-d) Sediment, clay, shells and coral fragments filling gaps within the 
reef. 
3.5.1.4 Locations R2 (22°47.5’N, 38°57.1’E) and R1 (22°47.2’N, 38°57.3’E) [Marine Sciences 
Facility] 
South of location R4, the number and extent of the reefs deposits decrease. In 
particular, the reefs disappear for a short distance because of infrastructures in the area and 
then appear again in front of the Marine Sciences Facility cabin (locations R2 and R1) where 
the shore is crescent shaped and two layers of beach rock also appear (Fig. 3.37). The lower 
part of the reef at this location was 1.2 m high and generally well cemented, with colours 
ranging between light grey (N7) to moderate yellowish brown (10YR5/4). This part of the 
reef is covered with thin sand and beach deposits. Many coral genera were found in this reef 
with Fungia and Faviidae being the most prominent species in terms of cover and frequency, 
with minor occurrences of Porites and Galaxea fascicularis, and a disappearance of 
Acropora (Table 3.4). Coralline algae dominates this part of the reef and it also contains 
many gastropods and echinoid spines of the species Heterocentrotus mammilatus (Figs 3.35 
A B 
C 
D 
 
67 
 
and 3.36). Another part of the reef with an elevation of 1 m appeared 30 m to the north of 
location R1, where it was covered with sand and beach sediments and appeared to have the 
same colours and same fauna as the reef at location R1. Therefore, this reef was considered to 
be a continuation of the reef at location R1. 
The upper part of the reef, although some parts are eroded, ranges in elevation between 1.2 m 
and 3 m above sea level. This part of the reef is poorly cemented, covered by recent sand and 
contains significant amounts of coral rubble. At the rear of the reef, coralline algae are 
dominant and a lot of gastropods are found. Acropora is the dominant coral genus in this part 
of the reef while Porites, Galaxea fascicularis,, Stylophora subseriata and Faviidae are also 
found (Table 3.5). Also, many calcareous tube worms up to about 10 cm length were found in 
this reef, specifically at the top and in the upper parts (Figs 3.40- 3.41). 
  
Fig. 3.37. (a) The coast has a crescent shape in front of the Marine Sciences Facility cabin at location 
R1. (b) Coral reef (C) and beach rock (R) at location R1. 
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Fig. 3.38. The lower part of the terrace in location R1 at Rabigh area shwing: a) large Goniastrea 
edwardsi coral (about 30 cm). b) meduim Goniastrea edwardsi (about 15 cm) with a lot of 
gastropods. 
  
  
Fig. 3.39. The lower part of the reef in location R1 at Rabigh area showing: a) Coralline algae (pencil 
is 17 cm long). b) Porites and echinoid spines (pen is 15 cm long). c-d) Fungia scruposa coral (pencil 
is 17 cm long). 
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Fig. 3.40. The upper part of the reef at location R1 at Rabigh area occupied by: a-b-c) coralline algae 
dominant in the upper layer. d) Porites coral (showing etched annual bands) (pen is 15 cm long). e) 
Porites nodifera coral. f) Coscinaraea monile coral.  
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Fig. 3.41. The upper part of the reef at location R1 at Rabigh area occupied by: a) Stylophora 
subseriata coral (pen is 15 cm long). b) Acropora humilis coral. c) Acropora maryae coral. d) 
Calcareous tube worms and gastropods. e) Galaxea fascicularis coral. f) Echinoid spines and coral 
rubble (pen is 15 cm long).  
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3.5.1.5 Location R5 (22°46.9’N, 38°57.6’E) 
At location R5, the carbonate terrace shows only one zone of the coral reef emerging 
above sea level (Fig. 3.42). This reef with an elevation of about 1.2 m is well cemented and 
mostly dominated by Galaxea fascicularis coral with a minor appearance of Acropora and 
Faviidae (Table 3.4). The reef is pale brown (5YR 5/2) in colour and is filled with sediment, 
shell and shell fragments. The shell and shell fragments occupy approximately 50% of the 
reef area between corals. 
                                                              
  
Fig. 3.42. The lower part of the reef in location R5 at Rabigh area showing: a) the reef and adjacent 
beach rock (pen is 15 cm long). b) Galaxea fascicularis coral dominated this reef. c) Galaxea 
fascicularis coral. d) Acropora and Galaxea fascicularis coral. 
3.5.1.6 Summary 
The lower cemented part of the reef in the Rabigh area occurs almost at the same 
elevations between sea level and 1.1 to 1.4 m. It is well cemented with a darker colour toward 
the north. Bivalve shells and gastropods are found in all the locations. The terrace at locations 
R1 and R2 included the area with the highest coral coverage and diversity while northward 
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the coral coverage and diversity decreased until at location R3 only few corals were found. 
The lower part of the reef succession suggests that it is the same terrace as the upper part of 
the reef. It is probably a more mobile portion of protected reef shelf before sufficient firm 
substrate was established to support the growth of large coral colonies. The coastal portion of 
this sequence was probably flooded during the Holocene higher stand of sea level when it 
became much more cemented thus giving the appearance of two terraces. 
The upper part of the reef in the study area ranges in thickness between 1.2 and 2.4 m 
extending to an elevation of 3-3.5 m above present sea level. It is poorly cemented and 
dominated by coralline algae. The upper part of the reef is thickest in the middle (2.4 m at 
location R4) while northwards at location R3 the reef decreases to 1.9 m, and southwards at 
location R1 the reef decreases to 1.2 m. No remnants of the upper part of reef were seen at 
location R5 (Fig. 3.42). The presence of clastic sediment is greater in the ancient valley areas, 
which include Sharm Al-Kharrar in the northern area and Sharm Rabigh in the southern area 
and this has led to a decreased coral diversity and coverage, similar to the lower part of the 
reef. In the sharm areas coral cover was generally low with an appearance of individual 
colonies, particularly Acropora as in southern Florida (Bathurst, 1975). The upper part of the 
reef succession probably accumulated on a broad back-reef platform. It is not a reef front 
sequence, as it is poorly cemented and lacks an abundance of encrusting species. It could be 
either in a fore reef area or more probably in a relatively low energy back reef area where 
these coral colonies grew up to sea level. 
 
Table 3.4 Identification of the main coral genera in the lower part of the reef in Rabigh area 
(based on Veron, 2000). 
Location Main Coral genera in Order of Abundance 
R1, R2 Faviidae, Porites , Fungia scruposa, Goniastrea edwardsi, Galaxea fascicularis 
R3 No coral found 
R4 Faviidae, Fungia 
R5 Acropora, Faviidae , Galaxea fascicularis 
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Table 3.5 Identification of the main coral genera in the upper part of the reef in Rabigh area 
(based on Veron, 2000). 
Location Main Coral Genera in Order of Abundance 
R1, R2 
 
Acropora humilis, Acropora maryae, Cosinaraea monile, Faviidae, Porites 
nodifera, Stylophora,  Galaxea fascicularis 
R2b Acropora, Porites lutea , Porites nodifera 
R3 Acropora humilis, Acropora maryae, Goniastrea edwardsi , Porites nodifera 
R4 Cosinaraea monile, Porites, Stylophora, Galaxea fascicularis 
 
3.5.2 Back-reef 
3.5.2.1 Locations RB1 (22°46.30’N, 39°0.13’E) and RB2 (22°46.36’N, 38°59.50’E) 
At location RB1, about 4 km to the east of the main reefs (R1, R3), an eroded reef 
succession with a height of 3.2 m appears extending down below the top of a flat area of sand 
and mud covered coral platform. It may represent a rubble bank on the landward side of the 
reef (Fig. 3.43a). In a flat area at the base of this exposure, calcite shells were common but 
there was a disappearance of the aragonite shells. A few Tridacna gigas shells up to 30 cm 
across were found and taken for dating (Fig. 3.43b). The eroded reef succession can be 
subdivided into two layers with the lowest unit rising about 2 m above the flat area and 
consisting of well cemented mud with occasional gastropods, Clypeaster and regular 
echinoderms (Figs 3.43c-d). No corals were found in this layer except for minor coral rubble 
fragments. 
The upper part of the exposure, with a moderate brown colour (5YR 4/4), is poorly cemented 
and contains coralline algae, gastropods and some calcareous worm tubes (Fig. 3.43). Fungia, 
Galaxea fascicularis, Porites and Faviidae corals appear in small sizes or in non-growing 
position along this layer in about 20% of the visible area (Fig. 3.43e; Table 3.6). The 
succession continues north for about 1 km where location RB2 shows the same terrace with 
similar features (Fig. 3.44). 
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Fig. 3.43. The back-reef at location RB1. a) The two back-reef successions and the lower eroded flat 
area. b) Tridacna gigas shell found in the flat area (pen is 15 cm long). c) The lowest part of the unit 
is mud-dominated and contains a few gastropods. d) Clypeaster in the lower part of the unit. e) The 
upper part of the unit contains some Porites nodifera coral fossils in non-growth position. 
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Fig. 3.44. The back- reef at location RB2 in the Rabigh area with similar feature to the terrace in 
location RB1. 
3.5.2.2 Location RB3 (22°46.23’N, 39°0.18’E)  
At location RB3, a lower part of the exposure with a thickness of 0.75 m overlies an area of 
relatively flat topography. The flat area is feature a high content of mud and probably 
represents an extension of the mud-dominated lower part of the sequence. In this area the 
lower part of the lower succession is different from the upper part. The lower part contains a 
few Faviidae corals and a lot of gastropods, Clypeaster, regular echinoderms and coralline 
algae all in a muddy matrix. In contrast, the upper part of this lower succession is mostly 
mud-dominated. The top part of the exposure is poorly cemented carbonate rubble with an 
appearance of Faviidae, Fungia and Porites corals (Table 3.6). Some corals are found in an 
upside-down position which indicates these coral have been transported from another 
environment as coral rubble. Many gastropods and regular echinoderms are present in this 
upper part of the exposure (Fig. 3.45). 
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Fig. 3.45. The back-reef at location RB3. (a) Overview of the two successions and the flat area. (b) 
The upper unit and the mud-dominated upper part of the lower unit (pen is 15 cm long). (c) 
Gastropods in the lower part of the sequence. (d) Fungia scruposa coral in the lower part of the 
sequence. (e) Porites coral in upside-down position and gastropods in the upper part of the sequence. 
(f) Porites coral at the top of the upper unit in the sequence. 
3.5.2.3 Location RB4 (22°45.52’N, 39°0.17’E)  
About 2.5 km inland and 5 km southeast of location R5, the back-reef area at location 
RB4 consists of back-reef carbonate rubble overlying a carbonate mudstone and a big flat 
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area of carbonate mudstone extending toward the south (Fig. 3.46a). The succession is about 
1.60 m high and it can be divided into two layers. The lower unit is up to an elevation of 0.8 – 
1.1 m and the upper unit is about 0.5 – 0.8 m thick. In this area only a few Porites and 
Faviidae corals were found in the upper unit with lots of gastropods, whereas the lower unit 
is characterised by coarse grains in a fine muddy matrix and more fossils with gastropods, 
Clypeaster, regular echinoderms and coralline algae. The upper unit is harder than the 
equivalent unit at location RB3 with case-hardening at the top (Fig. 3.46c). Also, another part 
of the upper unit, 0.55 m thick, appears to the south of a broad exposure of the lower unit and 
contains fewer fossils but more Acropora and Faviidae corals in non-growth position (Fig. 
3.46d). 
 
 
 
 
Fig. 3.46. The reef at location RB4 in Rabigh back reef area showing: a) the mudstone and overlying 
carbonate rubble upper unit. b) The upper unit contains coarse grains and is highly fossiliferous (pen 
is 15 cm long). c) The top of the upper unit is case hardened and has some Porites coral. d) Another 
upper terrace succession to the south of location RB4 has a different structure and contains some 
Faviidae corals.  
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3.5.2.4 Summary 
The flat areas in all these back-reef areas feature a high content of mud and represent 
an extension of the mud-dominated lower part of the sequence where both are moderately 
cemented. The most abundant species of bivalves is Trachycardium lacunosum (Reeve, 1845, 
cited in Hasan, 1994) and many gastropods and echinoid spines of the species 
Heterocentrotus mammilatus (Linnaeus, 1758, cited in James and Pearse, 1969) were found. 
Only a few corals were found and some of them are in upside-down position (Fig. 3.45e) 
which indicates it is rubble that eroded out of the main reef area. The similarity in content and 
form in locations RB3 and RB4 suggests that both the terrace and the flat area are part of the 
lower sequence. The upper part of the terrace contains shells and corals which may represent 
a rubble bank on the landward side of the back-reef area The composition of the carbonate 
rubble bank at location RB3 and the outcrop south of location RB4 are slightly different with 
the appearance of coralline algae, calcareous worm tubes and some Acropora and Faviidae 
corals which imply it may have been reworked from part of the upper reef. The back reef 
terrace in Rabigh area is similar to the terrace in location H4 at Haql area, and location Y7 in 
Yanbu area suggesting a back-reef lagoon environment. 
Table 3.6 Identification of the main coral genera in the back-reef at Rabigh area (based on 
Veron, 2000). 
Location Lower Reef unit Upper Reef unit 
RB1, RB2 No coral 
Faviidae , Fungia, Porites nodifera, 
Galaxea fascicularis 
RB3 Faviidae Faviidae, Fungia scruposa and Porites 
RB4 No coral Acropora, Faviidae, Porites 
 
3.5.3 Beach Rock 
Beach rocks were observed along the Rabigh area at all locations R1, R2, R3, R4 and 
R5. Changes in texture and colouration mark the beach rock in the study area. At location R1, 
where the entire beach dips toward the sea, the beach rock comprises two layers (Fig. 3.47). 
The first layer is cemented, black coloured, and is 20 to 40 cm thick. It contains massive 
coarse-grained carbonate sand; coral particles and common diagenetic carbonate cement. The 
second layer was light coloured with a thickness of up to 20 cm. This layer is highly 
fossiliferous and is characterised by coral gravels and small shells in a fining upward 
sequence.  
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At location R5, the beach rock onlaps onto the coral reef and two beach rock layers 
appear with a thickness of 45 cm for the lower and 40 cm for the upper beach rock. The lower 
beach rock is black coloured and contains carbonate sand whereas the upper layer showed the 
same features as the lower beach rock layer in location R1 with a lot of coral gravel and small 
shells. Both of the beach rock units in locations R1 and R5 show the same features and the 
fining upward sequence of the coral gravels and small shells in the lower beach rock layers 
are mainly connected with transgressive phases of the sea and represent slightly higher sea 
levels (Friebe, 1993). At other locations, R2, R3 and R4, only the lower black beach rock 
layer appears showing the same features of the lower beach rock in locations R1 and R5.  
  
  
Fig. 3.47. The beach rock in Rabigh area showing: a) Two beach rock layers in location R1 (hammer 
is 28 cm long). b) The upper beach rock layer contains coarse grains, coral particles and shells (pen is 
15 cm long). c –d) The beach rock in location R5 onlaps over the coral reef unit. 
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3.6 Al-Ruwais (21°30.145’N, 39°10.752’E) 
The Al-Ruwais area is located in the southern part of Jeddah, about 3 km from the 
present shoreline (Fig. 3.48) and about 140 km south of Rabigh (Fig. 3.1). A back reef 
structure was found stretching laterally for about 100 m (Fig. 3.49). 
The back reef structure is about 4 m high and is divided into two layers, lower and upper 
(Fig. 3.50). The lower part of the sequence has a height of about 1.7 m and consists of poorly 
cemented coral rubble filled with sediment, shell fragments and intact coral reef species 
dominated by Faviidae and small Porites nodifera. The upper part of the outcrop consists of 
siliciclastic fluvial sediments (channel deposits) with a thickness of about 2.3 m. 
Twenty six coral and carbonate rock samples were collected from 4 vertical sections 
separated by about 3 m between each section. Some sediment samples from the upper layer 
were also collected for analysis and TL dating. No samples were collected from the back area 
as most of the area is fenced and the only accessible parts had exposures from the upper 
fluvial layer. 
 
 
Fig. 3.48. The Al-Ruwais area located in the southern part of Jeddah, about 3 km from the present 
shoreline. 
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Fig. 3.49. The back reef structure was found stretching laterally for about 100 m. 
 
Fig. 3.50. The lower and upper layer of the coral structure in the Al-Ruwais area. 
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3.7 Al-Qattan area 
The Al-Qattan area (Al-Shoaibah) is located 110 km south of Jeddah City (Fig. 3.1). 
Coral terraces were found south of Al-Qattan village stretching along the shoreline for about 
5.5 km and cut by Al- Shoaibah lagoon entrance (Fig. 3.51). The heights and continuity of the 
terraces are variable where in some parts it disappears and in others it rises to a maximum 
height of 4.4 m above sea level. 
 
Fig. 3.51. Sample sites in the Al-Qattan (Al-Shoaibah) area. 
3.7.1 Locations Q1 (20°50.605’N, 39°24.179’E) and Q2 (20°50.590’N, 39°24.351’E) 
The coral terrace at location Q1 is about 2.55 m high while the carbonate sequence 
rose to about 3.4 m. The terrace forms a cliff at the shoreline where the lower part has been 
affected by diagenesis due to the waves and probably the Holocene sea level highstand. The 
terrace is very strongly cemented which makes it hard to distinguish internal features but It 
can be divided into two layers (Fig. 3.52a). The lower layer is about 1.5 m thick, with a light 
coloured lower part and dark coloured upper part and consists of cemented coral branches 
and limestone (Fig. 3.52b). The upper layer is about 1 m thick. It is partly cemented and 
dominated by algae, Fungia coral and some other coral genera such as Porites and Galaxea 
fascicularis (Fig. 3.52c). The back and top of the terrace is covered with younger coastal 
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sandy carbonate but some other coral genera crop out in places, such as Acropora, Porites 
lutea (Fig. 3.52d-e). All corals are found in growth position. The terrace appears to represent 
a single terrace with diagenesis in the lower part. Only a few molluscs and echinoderms 
appear in the upper part at this location. 
Farther south, the terrace in location Q2 stands about 1 m from the shoreline and is similar to 
that in location Q1 with a height ranging between 2.4 to 3.4 m and with the same layers, 
colours, reef genera (Table 3.7) and content (Fig. 2.52a-b). The only difference is the 
appearance of large Tridacna gigas in the upper layer and the presence of beach rock lying on 
the reef in some areas (Fig. 3.53c). 
3.7.2 Location Q3 (20°50.586’N, 39°24.406’E) 
At location Q3 the coral reef continues along the Al-Qattan (Al-Shoaibah) coast south 
to location Q2. The terrace stands between 15-42 m from the shoreline (Fig. 3.54) with no 
wave action. Thus the terrace structure has much less cementation and many more features 
are visible. The terrace is about 2.8 m high and appears as one unit with no alteration between 
the lower and upper part and shows no major effects of diageneses (Fig. 3.54b). 
Corals from the genera Porites, Fungia, Faviidae, Acropora and Galaxea fascicularis are 
dominant in this reef and are found throughout the upper and lower parts (Fig. 3.55; Table 
3.7). The top of the terrace shows a typical reef structure but the reef is not continuous where 
sediment and clay with a lot of shells filled gaps within the reefs in some places (Fig. 3.55). 
The terrace is similar to that in location Rb2 which appears 100-200 m east of the beach in 
the Rabigh area (Fig. 3.34) where the sediment patches probably represent holes in the reef 
that have been filled with contemporary or Holocene material. Most of the corals in this 
location are in growth position with some large-growing Porites and Faviidae coral well 
expressed with about 50 cm relief (Fig. 3.56a-b). Also, some parts of the terrace are 
dominated by coralline algae (Fig. 3.56d) while gastropod, echinoid spines, Tridacna and 
calcareous tube worm exist in moderate percentages throughout the terrace in this location 
(Fig. 3.56c). 
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Fig. 3.52. The terrace at location Q1 in the Al-Qattan area showing: a) an overview of the very 
strongly cemented terrace that divided into two layers. b) The lower layer consists of cemented coral 
branches and limestone. c) Coscinaraea monile coral in the upper part. d) The back and top of the 
terrace is covered with younger coastal sandy carbonate with an appearance of and Acropora and 
Porites lutea corals. e) Galaxea fascicularis coral in the back of the terrace. 
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Fig. 3.53. The terrace at location Q2 in the Al-Qattan area showing: a) the terrace with similar height, 
layers, colours and reef genera to that in location Q1 (hammer is 28 cm long). b) The lower layer 
consists of cemented coral branches and limestone. c) a beach rock lying on the reef  terrace. 
 
 
Fig. 3.54. The coral terrace at location Q3 in the Al-Qattan area showing: a) an overview of the coral 
terrace standing about 42 m from the shoreline in some parts. b) A closer look showing a 2.8 m high 
terrace appears as one unit with no alteration between the lower and upper part and no major effects 
from diagenesis (hammer is 28 cm long). 
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Fig. 3.55. The coral terrace at location Q3 in the Al-Qattan area showing: a) Favia favus and 
Acropora maryae coral b) Platygyra daedalea coral (pen is 15 cm long). c) Fungia scruposa coral d) 
Goniastrea edwardsi and Galaxea fasciculariscorals in a muddy matrix with many echinoids spines. 
e) An overall view of the muddy matrix with Favia lacuna, Galaxea fascicularis and Fungia scruposa 
corals, shells and echinoids spines (hammer is 28 cm long). f) Goniastrea edwardsi and Galaxea 
fascicularis corals in growing position while shells and sediments filling between the corals. 
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Fig. 3.56. The reef terrace at location Q3 in the Al-Qattan area showing: a) large Faviidae (50-60) cm 
in a growing position in the upper part of the terrace (hammer is 28 cm long). b) Large Porites lutea 
(50-60) cm in a growing position in the upper part of the terrace. c) Muddy matrix filling with shells 
and echinoids spines. d) Coralline algae dominated the upper part of the terrace. 
3.7.3 Locations Q4 (20°50.448’N, 39°24.576’E) and Q5 (20°50.393’N, 39°24.637’E)  
The coral terrace at location Q4 is smaller than other locations being about 1.3 m in 
height and 15 m from the shoreline (Fig. 3.57). The terrace is much more cemented with no 
clear division between the upper and lower part. It contains very few Porites corals, none in 
growth position, few gastropod and bivalves, echinoderms and Tridacna gigas (Fig. 3.57b). 
By going north, an upper part appears with some coral rubble. 
Farther north, the terrace at location Q5 is similar to location Q4 with about 2 m height and 
13 m from the shoreline. The terrace is cemented and appears as a single terrace with no 
alteration (Fig. 3.58a).  The terrace is dominated by algae, Fungia and Galaxea fascicularis 
coral (Fig. 3.58a) while Porites and Faviidae genera appear in large sizes (Fig. 3.58b). The 
middle part of the terrace is covered in places with Acropora corals in a sandy carbonate 
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matrix which could represent a back reef deposition area (Fig. 3.58c-d). All corals are found 
in growth position and only few molluscs and echinoderms appear at this location. 
  
Fig. 3.57. The coral terrace at location Q4 in the Al-Qattan area showing: a) lower height compared 
with other locations and a much more cemented terrace. b) The upper coral rubble parts appear in 
some areas, with a coral in non-growth position and Tridacna gigas (hammer is 28 cm long). 
  
  
Fig. 3.58. The coral terrace at location Q5 in the Al-Qattan area showing: a) overall of the cemented 
terrace with coralline algae and many coral genera including Platygyra daedalea, Porites lutea and 
Galaxea fascicularis. b) Large Porites lutea (80 cm) in a growth position. c) The middle part in places 
is dominated by Acropora humilis. D) A closer view of the Acropora humilis coral in a sandy matrix. 
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3.7.4 Locations Q6 (20°50.103’N, 39°24.853’E) and Q7 (20°49.773’N, 39°25.146’E)  
The terrace at location Q6 continues along the Al-Shoaibah coast south to location Q5 
(Fig. 3.51). The terrace stands about 20 m from the shoreline and shows similar features to 
the terrace at Q3 with less cementation and many more fossils. The terrace is about 2 m high 
and appears as one unit with no alteration between the lower and upper part and no major 
effects of diagenesis (Fig. 3.59). 
Coral from the genera Porites, Fungia, Faviidae, Acropora and Galaxea fascicularis are 
dominant in this reef and are found all around it (Fig. 3.59; Table 3.7). The top of the terrace 
shows a typical reef structure but the reef is not continuous where sediment and clay with a 
lot of shells filled gaps within the reefs in some places (Fig. 3.59a). Most of the corals in this 
location are in growth position with some large-growing Porites corals well expressed with 
about 80 cm relief (Fig. 3.60a). Also, some parts of the terrace are dominated by Acropora 
corals in a sandy matrix (Fig. 3.60b) while gastropods and echinoid spines exist in moderate 
percentages throughout the terrace in this location (Fig. 3.60b). 
At location Q7, the terrace is similar to Q6 with the same heights and features (Fig. 3.61a). 
The only different in some parts is an appearance of lots of Acropora in the upper part of the 
terrace with lots of sand in the lower part of it (Fig. 3.61b). 
  
Fig. 3.59. The coral terrace at location Q6 in the Al-Qattan area showing: a) an overview of the 
terrace standing as one unit with no alteration and no much cementation (hammer is 28 cm long). b) A 
typical reef structure with corals from the genus Porites nodifera, Favia stelligera and Acropora 
humilis. 
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Fig. 3.60. The terrace at location Q6 in the Al-Qattan area showing: a) large Porites lutea (about 80 
cm) in growth position. b) Acropora maryae corals in some parts dominant in top of a sandy matrix 
that contain gastropod and echinoid spines (hammer is 28 cm long). 
  
Fig. 3.61. The terrace at location Q7 in the Al-Qattan area showing: a) an overview of the terrace with 
similar features to location Q6 and a large Porites lutea coral (about 80cm) in growth position 
(hammer is 28 cm long). b) Lots of Acropora maryae in the upper part of the terrace with lots of sand 
in the lower part of it. 
3.7.5 Locations Q8 (20°49.464’N, 39°25.337’E), Q9 (20°48.548’N, 39°25.294’E) and Q10 
(20°48.182’N, 39°25.631’E) 
The coral terrace at location Q8 is about 4.4 m and is exposed at the shoreline (Fig. 
3.62a) similar to the terrace at Q1. The terrace can be divided into two layers. The lower layer 
is about 1.5 m thick, with a light coloured lower part and dark coloured upper part, and 
consists of cemented coral and limestone (Fig. 3.62a). The upper layer is about 2.9 m thick. It 
is partly cemented and dominated by Acropora humilis and Acropora pharaonis (Table 3.7) 
all in growth position (Fig. 3.62b). Also, Fungia, Porites and Galaxea fascicularis corals exist 
along the terrace with many algae (Fig. 3.62b). The terrace appears as a single terrace with 
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diagenesis mainly confined to the lower part. Molluscs and echinoderms appear in the upper 
part at this location in moderate percentages. 
Farther south, the terrace in location Q9 and Q10 are exactly the same as the one at Q8 with 
similar layers, colours, reef genera (Table 3.7) and content (Fig. 3.62c-d). The only difference 
is in the terrace height which stands at 3.7 m in Q9 and 3 m in Q10.  
  
  
Fig. 3.62. a) An overview of the terrace at location Q8 in the Al-Qattan area divided into two layers. 
b) The upper layer at location Q8 is partly cemented and dominated by Acropora humilis and 
Acropora pharaonis all in growth position (hammer is 28 cm long). c) Many coral genres appear in 
the terrace in Q8 including Fungia scruposa, Favia stelligera and Acropora humilis with a presence 
of echinoid spines. d) The terrace at location Q9 showing the same features as location Q8. 
 
3.7.9 Summary  
The coral terrace in the Al-Qattan (Al-Shoaibah) area, about 100 km south of Jeddah, 
stretches along the shoreline for about 5.5 km and is cut by the Al-Shoaibah lagoon entrance. 
The height and continuity of the terrace is variable, in some parts it disappears while in other 
areas it rises to maximum heights of 4.4 m above sea level. The terraces are variable whereby 
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in the southern and northern locations (Q1, Q2, Q8, Q9 and Q10; Fig. 3.51) it stands at the 
shoreline exposed to wave action and subsequently to more diagenesis. Here the lower part of 
the terrace has been more cemented and it can therefore be divided into upper and lower 
parts. While in the middle locations (Q3, Q4, Q5, Q6 and Q7; Fig. 3.51) the terraces are 
about 15 to 42 m from the shoreline resulting in less cemented terraces that can be described 
as one unit with no alteration between the upper and lower parts. The terrace along the Al-
Qattan coastal location shows the same features as the terraces at Duba, Yanbu and Rabigh 
with a significant amount of coralline algae and an appearance of many corals and other 
fauna (Table 3.7). All corals appear in a growth position except for a few small corals in 
location Q4 which exhibit in non-growth positions and hence reworking. Also, many coral 
genera such as Porites and Faviidae show a large size in the middle locations (Q3, Q6 and 
Q7). 
Also, the northeast locations (Q4 to Q10) are characterized by a zone dominated by Acropora 
corals in a sandy matrix. Gastropods and echinoid spines are present in moderate percentages 
throughout these Acropora zones while in other locations gastropod and echinoid spines exist 
in lower percentages. 
Table 3.7. Identification of the main coral genera in the Al-Qattan area (based on Veron, 2000). 
Location Main Coral genera in Order of Abundance 
Q1, Q2 Acropora humilis, Cosinaraea monile, Fungia ,Porites lutea, Galaxea fascicularis 
Q3 
Acropora maryae, Favia favus, Fungia scruposa, Goniastrea edwardsi, Platygyra 
daedalea, Porites lutea, Galaxea fascicularis 
Q4, Q5 
Acropora humilis ,Faviidae, Fungia, Platygyra daedalea, Porites lutea, Galaxea 
fascicularis 
Q6, Q7 
Acropora humilis, Acropora maryae, Favia stelligera, Fungia, Porites lutea, 
Porites nodifera, Galaxea fascicularis 
Q8, Q9, Q10 
Acropora humilis, Acropora pharaonis, Favia stelligera Fungia scruposa, 
Porites, Galaxea fascicularis 
 
3.8 Conclusion 
The reef sequences in the study areas along the Saudi Red sea coast shows different 
structures and can be divided into three main areas. The northern area, the middle and 
southern area and the back reef area. 
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3.8.1 Northern area 
Starting from the northern part, at Haql area, the terraces observed along the coast 
range in heights between 17 -25 m above present sea level with a thickness of 7-8 m for the 
coral reef terrace. The terraces cannot be divided into upper and lower layers but much of the 
lowest 2 m of the terrace was covered by scree sediment. The terraces in the Haql area are 
very different from other studied terraces; first with the obvious heights but also with 
different diagenetic alteration. With no cemented lower part in these terraces it is similar to 
the exposure in the excavation area 200 m east of the coastal exposures at Rabigh where the 
terrace was not exposed to Holocene wave action and higher sea level. 
The present height of the Haql terrace shows an uplift about 20-25 m (considering the 
undefined erosion from the top of these sequences) and reflects the major uplift of the north-
eastern part of the Red Sea in the late Quaternary period (Gvirtzman et al., 1992; Strasser et 
al.,1992; Gvirtzman, 1994; Bosworth & Taviani, 1996; Plaziat et al., 1998). 
Farther south, in the Duba area, only one location (D2) shows similar uplift to the one in the 
Haql area. A fault bounded block of the terrace rises to about 12 m in height with a reef 
thickness of 4-6 m. In area S-1 (northern part of the location) the top 4 m consists of the coral 
terrace that overlies a muddy formation in some places. The terrace structure is similar to the 
one in the Haql area. 
3.8.2 Middle and southern areas 
The terraces in the middle parts of the coast, including Duba (D1 and D3 and structure 
S-2 at D2), Yanbu, Rabigh and Al-Qattan, are similar in heights, composition and coral 
genera. In some locations the terrace can be divided into upper and lower part whereas in 
other areas it appears as a single unit.  
Overall, the reef sequences in these areas could be a part of a central to back reef facies rather 
than a fore-reef succession. This would have allowed the reefs to grow up in a quieter back-
barrier area behind the reef front where big colonies could develop as the large vertically 
growing masses found in many locations (e.g. RB1). The reef could represent a very broad 
platform where the back reef area signifies the inner part of it.  
3.8.3 Back reef area 
The back reef area appears in two locations: Rabigh and Al-Ruwais. The terrace in 
Al-Ruwais area is about 3 km inland and about 4 m high. The lower part of this terrace 
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consists of poorly cemented coral rubble filled with sediment, shell fragments and intact coral 
reef while the upper part consists of fluvial sediments. On the other hand, the back reef areas 
in Rabigh are appears about 4 km inland and rose to a maximum height of 4.5 m. This terrace 
is mostly mud dominated with bivalves, gastropods, echinoids and echinoid spines with 
minor coral and coral rubble at the top. The back reef terrace in the Rabigh and Al-Ruwais 
area shows similar features to some of the front terraces, i.e. at location H4 in the Haql area, 
and location Y7 in the Yanbu area suggesting a lagoon environment. The composition and 
the height of these back reef terraces indicate it represents a rubble bank on the landward side 
of the reef platform area where corals may have been reworked from more seaward parts of 
the upper reef. 
Further environmental and morphological discuss are given in a later section in combination 
with XRD, petrography and dating results. 
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Chapter 4 Petrography, XRD and Diagenesis 
4.1 Introduction 
4.1.1 Carbonate rocks and sediments 
Carbonate rocks are those deposits that consist of greater than 50% carbonate 
minerals, with up to half of the world’s ocean floors covered by carbonate sediments 
(Lisitzin, 1971). Carbonate sediments are composed of three main minerals: aragonite, calcite 
and dolomite (Table 4.1). Many factors control the formation of these carbonate sediments 
such as nutrient supply, light penetration, suspended sediment, salinity and temperature 
(Moore & Wade, 2013). The majority of carbonate deposits originally develop from marine 
sources including organic materials such as shells, or chemical processes seen when there is a 
high concentration of carbonate in the water. The organisms that produce carbonate 
sediments are even euphotic, oligophotic or photo independent (which do not require light). 
The highest carbonate productivity occurs in the top 10 m where all these organisms can 
produce carbonate while carbonate at 80-100 m depth would be dominated by the oligophotic 
and photo independent biota (Pomar, 2001). As a result of the variation in these factors, some 
areas have significant levels of carbonate sedimentation, such as shallow seas in tropical and 
subtropical areas located between 30° N and 30° S. Examples include the Bahamas, the Red 
Sea, the Arabian Gulf and along the Queensland coast of Australia. However, there is also 
evidence of carbonate deposits in deep water marine environments, such as the Atlantic, 
Indian and Pacific Oceans (Flügel, 1982; Janssen et al, 1999). Limestone commonly develops 
from the concentration of bioclasts developed by calcareous organisms, therefore correlating 
with biological activity in areas such as shallow or warm seas that feature little or no 
siliciclastic input. 
Table 4.1. Petrographic properties of carbonate minerals (from Folk, 1974, and Milliman, 
1974). 
 Low- Mg Calcite High-Mg Calcite Aragonite Dolomite 
Formula (CaCO3) (CaCO3) (CaCO3) CaMg(CO3)2 
Crystal system Trigonal Trigonal Orthorhombic Trigonal 
Mol% MgCO3 < 4 >4 to> 20 - 40-50 
Environment 
Deep marine or fresh 
water 
Shallow marine Shallow marine Shallow marine 
 
96 
 
4.1.2 Classification of Carbonates 
Folk (1962) and Dunham (1962) developed the carbonate classification systems most 
commonly used today. Both of these systems base their classification on rock texture which, 
in turn, is controlled essentially by depositional environment. Dunham’s system centres on 
depositional texture, the quantity of matrix surrounding the grains at the time of deposition, 
and uses the terms mudstone, wackestone, packstone, grainstone and boundstone. This 
system is preferred because it is based on simple terminology that is environmentally 
significant, and is easily understood, thus leading to its significant use in industry and 
academic discussion. Dunham’s system is easily deployed for hand samples and thin section 
analyses, and is useful for facies description. However, there are limitations in its ability to 
assess diagenetic effects in detail, such as cement or dolomite. The Folk system has been 
used since the 1960s, and its popularity lies in the fact that it is useful for petrographic rock 
description. Moreover, it is both more flexible and comprehensive than the Dunham system, 
as it provides greater genetic understanding. However, the limitations of the Folk system are 
that it is complicated, and requires a significant level of expertise to maximise the analysis. In 
this thesis, carbonates have been classified using Dunham’s classification (1962), as modified 
by Embry & Klovan (1971).  
4.1.3 Diagenesis of carbonate rock 
The chemical, physical and biological changes that occur within sediment after the 
time of deposition are known as diagenesis (Milliken, 2003). Such processes are realized 
through primarily six main mechanisms including: cementation, microbial micritization, 
neomorphism, dissolution, compaction (including pressure dissolution) and dolomitization. 
The diagentic processes for carbonate rocks have been an interest for many scientists and 
researchers and different calcifications has been made for it. For example, Bathurst (1975) 
classified diagenetic process to early and late diagenesis indicating the relative timing of 
diagenetic processes to deposition. While Milliman (1974) and Flugel (1982; 2004) classified 
the diagenetic process as constructive or destructive. These diagenetic processes can be 
observed by studying thin sections of carbonate rocks to see the impact of these different 
processes on the basic components of carbonate rocks and the changes resulting from them. 
Carbonate rocks are strongly affected by diagenesis because of the large changes that occur 
since most of the original carbonate minerals are unstable in near-surface environmental 
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conditions. Calcium carbonate is potentially altered in a wide range of surface and subsurface 
environmental conditions. 
The transformation of sediments and growth frameworks of reefs to limestone starts during 
the process of deposition, although more significant transformations occur after burial and 
uplift of the limestone. The importance of diagenesis is that it influences reservoir quality 
throughout the depositional, burial and diagenetic history. Within carbonate rocks, diagenesis 
can commence early on, leading to either cementation or the preservation of permeability in 
the rocks. Factors that influence the diagenesis include composition and mineralogy of the 
sediment, pore-fluid chemistry and rates of flow, geological history of the sediment in 
relation to burial, uplift and sea level changes, the contextual climate, and the input of various 
pore-fluids (Bathurst, 1975). Diagenesis can alter the porosity of carbonate sediments, 
although these reflect a general trend towards decreasing porosity with increasing depths of 
burial. There are three major environments where carbonate diagenesis is observed, marine, 
near-surface meteoric and burial environments (Bathurst, 1971). 
It is necessary for this research to understand in more detail the processes that occur during 
diagenesis: cementation, microbial micritization, neomorphism, dissolution, compaction and 
dolomitization. 
4.1.3.1 Cementation 
Cementation is simply the precipitation of cements in the carbonate sediments, 
occurring when the pore-fluids are supersaturated in the absence of kinetic factors. 
Additionally, the role of organic geochemical influences is significant, such that aragonite, 
calcite and dolomite are seen to be the most frequent carbonate cements in limestone. 
Limestone needs significant levels of CaCO3, with the source of this varying in different 
environments (Tucker and Wright, 1990). For marine environments, this is sourced from 
seawater, but in meteoric and burial environments it is related to the dissolution of sediment 
(Moore, 1989). Cements in reef limestone could be divided into three types based on the 
diagenetic environment including; meteoric, marine and burial diagenetic environments.  
The meteoric environment is dominated by calcite cement and divided into vadose and 
phreatic zone. The vadose zone is above the water table where meniscus cement is the most 
common. The cement forms where grains are close together within water held by surface 
tension. That early cement is characterised by bladed, fibrous or acicular morphology 
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(Nichols, 2009). Pendant and micrite-envelope cement may also form in this environment. 
The phreatic zone is below the water table and is characterized by isopachous cement. This 
cement forms a thin layer of roughly equal thickness crystals of calcite or aragonite which 
grow perpendicular to the grain boundary out into the pore space. Blocky and syntaxial 
cement can also occur in this zone. The marine environment may also provide an early 
cementation stage where the marine cements are mainly precipitated in the warm, shallow 
waters. High-Mg calcite is the most common cement, while aragonite is common in waters of 
slightly elevated salinity (James and Ginsburg, 1979). The cement in this environment occurs 
within and between pores between carbonate grains where the dominant cements are 
aragonitic meniscus, isopachous cement, needle cement, micrite cement, fibrous, bladed 
(high-Mg calcite) and botryoidal cement (Boggs, 2009). The last diagenetic environment is 
the subsurface burial. The cements in this environment are almost all calcite, where in many 
cases the sparry calcite cement fills in any pore spaces that are not occupied by early cement. 
The most common cement types in this environment are syntaxial bladed-prismatic and 
coarse-mosaic cement (Boggs, 2009). Within reef rocks, peloids act as precipitates instead of 
grains or faecal pellets. 
4.1.3.2 Microbial micritization 
Microbial micritization is the transformation of bioclasts to micrite, on or below the 
seafloor, due to endolithic algae, fungi and bacteria. Micritization occurs mainly in a marine 
environment at the sediment water interface where the accretion rate is slow and the substrate 
is relatively stable. The boring of skeletal grains and fine-grained carbonate sediment creates 
micritic envelopes, such that micritized grains develop. These grains are often irregularly 
shaped, which makes them different to rounded micritic faecal pellets. 
4.1.3.3 Neomorphism 
Neomorphism was a term first developed by Folk (1965) and refers to replacement 
and recrystallization processes that are linked to changes in mineralogy. Due to the mixture 
of calcite and aragonite in carbonate sediments the term neomorphism is preferred instead of 
recrystallization. Neomorphic processes occur in water, and dry processes such as inversion 
or recrystallization are not usually seen in limestone as carbonate diagenetic environments are 
typically wet environments. Additionally, the role of calcite replacing aragonitic grains and 
cements is known as calcitization, as it is another replacement process. Within this process 
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original minerals slowly dissolve, with some remnants remaining in the original shells or 
neomorphic calcite. 
4.1.3.4 Dissolution 
Dissolution occurs when carbonate sediments, cements and lithified limestone are 
immersed in undersaturated pore-fluids in relation to carbonate mineralogy. Grains are 
individually dissolved and this process is an essential factor in near-surface meteoric 
environments. In the equatorial Pacific seawater also causes dissolution of aragonite (Tucker 
and Wright, 1990).  
4.1.3.5 Compaction 
Compaction is the process by which grain re-orientation, fracturing and dissolution 
occur due to the heightened load burden on non-cemented carbonate sediments. Compaction 
can be either mechanical or chemical in nature, with mechanical compaction based on the 
fracturing and reorientation of grains. Chemical compaction occurs in lithified limestone and 
creates stylolites and dissolution seams. Pressure dissolution occurs when diffusion takes 
place moving some of the mineral material away from the contact and reprecipitating it on 
free surfaces of the mineral grains (Renard and Dysthe, 2003). Pressure dissolution between 
grains leads to sutured and concavo-convex contacts. Hundreds of metres of overburden are 
needed to create such structures in lithified limestone (Bathurst, 1975). 
4.1.3.6 Dolomitization 
Dolomitization happens when dolomite mineral is completely or partly precipitated in 
cavities and fractures of the limestone during diagenesis. It also occurs through the 
replacement of the calcium in the carbonate by magnesium. If the rock contains more than 
10% replacement dolomite then it termed dolomitized (Folk 1959) while if the rock contains 
more than 75% dolomite then it called a dolostone (Machel, 2003). 
4.1.4 Skeletal Mineralogy of Calcareous Organisms and Algae 
The mineralogy of recent calcareous organisms and algae has been discussed by a range 
of authors (e.g. Lowenstam, 1963; Scholle, 1978; Montaggioni and Braithwaite, 2009), with 
their major characteristics outlined below. Scleractinian corals are predominantly composed 
of aragonite, although sometimes calcite has been observed (Houck et al., 1975). Calcareous 
algae are broken into two types – red algae and green algae. Red algae are typically located in 
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reefs and secrete high-Mg calcite crystals, creating a firm structure. Green algae secrete 
freely bound aragonite crystals in their cell walls. Bryozoans secrete calcite; however there is 
evidence of secondary aragonite. The foraminifera include encrusting species that secrete 
high-Mg calcite skeletons. A vast range of molluscan assemblages are sourced in the reefs, 
and contain aragonite and calcite. Echinoderm skeletons are based on high-Mg calcite, and 
are distinctive since echinoid plates and spines are made of single crystals. Arthropods are 
not well mineralized, and therefore, do not form sediment components. The minerals 
aragonite and high-Mg calcite are metastable, and this means that over periods of time they 
are prone to be replaced by more stable calcite. 
4.2 Standard Petrography Results 
In this part, thin sections were described for each area and notable features are 
illustrated by thin section photomicrographs. All samples have been affected by weathering. 
For the Haql area no carbonate rock samples were collected since the terrace is poorly 
cemented and covered by sand. 
4.2.1 Standard Petrography results for carbonate samples 
4.2.1.1 Duba Area 
The standard petrography from thin sections of coral terraces in the Duba area are 
presented in Table 4.2. In the lower terrace, corals range between 6.6-22.3%, echinoderms 
between 1.6-13%., foraminifera between 1.6-11% and molluscs between 2-23%. The average 
porosity is 9.9% and the matrix is composed of micrite and sparite cement where the sparite 
average is higher in most samples (Table 4.2). Many silicates appear but in low percentages 
including quartz (of detrital nature), tourmaline and K-feldspar. Phosphate is noted as an 
accessory mineral and as a replacement mineral locally, while anhydrite/gypsum is noted as a 
replacive phase. Organic matter appears but it was very rare (Fig. 4.1). 
The upper terrace in the Duba area contains abundant algae reaching a maximum of 39% in 
some samples. Coral occurs in all samples (Fig. 4.2) and ranges between 5.6 and 23.6%. Only 
low percentages of echinoderms and foraminifera appear in many samples with a maximum 
of 7.3% for echinoderms and 9.3% for foraminifera. Molluscs occur with a maximum of 
20.3%. The matrix in the upper terrace in the Duba area varies with a maximum micrite 
content of 21.3%, maximum sparite cement of 25.6% and average porosity of 12.6%. Silicate 
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minerals are usually rare in the terrace with a maximum percentage of 4.6%. Phosphate is 
noted as an accessory and replacement mineral locally. 
The quantitative composition of the main components in the layers does not change much 
between the upper and lower terrace in Duba area. This suggests these two layers represent a 
single terrace. 
Table 4.2. Quantitative composition of the main components in the reef terraces in the Duba 
area.  
Sample Terrace 
Height 
(cm) 
Coral 
% 
Algae 
% 
Mollusc 
% 
Echino 
% 
Foram 
% 
Quartz 
% 
Clastic 
% 
Sparite 
% 
Micrite 
% 
Porosity 
% 
DC6 U 350 15.6 28.3 3.6 3.6 0.6 4.0 4.6 25.6 8.0 5.6 
DB10 U 350 23.6 27.0 5.6 7.3 2.0 1.0 1.6 2.6 17.6 11.3 
DB8 U 250 10.3 39.0 4.6 0 0 0 0 12.6 21.3 12.0 
DA13 U 200 5.6 23.6 20.3 5.3 9.3 0.6 3.0 5.6 5.0 21.3 
Ave Upper 
 
13.8 29.5 8.5 4.1 3.0 1.4 2.3 11.6 13 12.6 
DA11 L 150 13.3 30.6 23.0 4.3 3.0 3.3 1.0 10.0 2.0 9.3 
DA12 L 150 6.6 13.6 13.0 13.0 10.6 2.3 1.6 12.0 6.3 20.6 
DB3 L 115 10.3 15.3 16.6 5.6 4.9 3.6 7.0 23.3 3.6 9.3 
DA8 L 100 7.0 18.0 18.3 4.0 4.3 7 7.0 26.3 0 8.0 
DB1 L 70 22.3 19.0 3.6 5.6 11.0 0 1.6 15.6 13.0 8.0 
DA3 L 50 23.0 20.3 3.3 1.6 5.6 0 1.0 23.6 12.3 9.3 
DC1 L 20 19.0 40.0 2.0 2.6 1.6 0 2.3 2.3 25.3 4.6 
Ave Lower   14.5 22.4 11.4 5.2 5.9 2.3 3.1 16.2 8.9 9.9 
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Fig. 4.1. Thin section of the lower terrace in Duba area, 10X, showing a skeletal grainstone and 
highlighting coralline algal fragment (Alg), foram (For), mollusc fragment (Mlsc), rare organic matter 
(Om), detrital quartz grain (Q), and gypsum replacement (Gyp). Skeletal grains are moderately sorted. 
Matrix is not observed. Cement is common and includes rare isopachous calcite. Visible porosity is 
estimated as 14%. 
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Fig. 4.2. Thin sections of the upper terrace in Duba area: a) Showing a skeletal grainstone and 
highlighting a coarse coral fragment (Cor), coralline algal fragment (Alg) and rare gastropod (Gst), 
Skeletal grains are moderately sorted and matrix is not observed, 2.5X. b) Inset in 4.2a at higher 
magnification shows early diagenetic grain rimming isopachous cement (Iso), foram (For), coral 
fragment (Cor) and coralline algal fragment (Alg), 10X. c) Shows an echinoderm (Ech) with distinct 
ring-like connections of a large size spine, 10X.  
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4.2.1.2 Yanbu Area 
The standard petrography from thin sections of coral terraces in the Yanbu area are 
presented in Table 4.3. The proportion of coral ranges between 3.3-42.0% in the lower terrace 
and 12.9-48.6% in the upper terrace. Algae are also abundant with an average of 24.7% in the 
lower terrace and 29.2% in the upper terrace. Echinoderms, foraminifera and molluscs appear 
in both terraces in low percentages as shown in the Table 4.17. Micrite is the dominant matrix 
in the terraces in the Yanbu area (Figs 4.3-4.4) with a maximum of 36.6% in the lower terrace 
and 26.0% in the upper terrace. The average porosity is 11.8% in the lower terrace and 6.9% 
in the upper terrace. Quartz only appears in some samples with less than 0.6% while other 
silicate minerals including plagioclase, K-feldspar, tourmaline and hornblende are almost 
absent in this area except for one sample in the lower terrace with 13%. Glauconite is noted 
as a rare accessory component in both layers. 
Table 4.3. Quantitative composition of the main components in the reef terraces in the Yanbu 
area. 
Sample Terrace 
Height Coral Algae Molluscs Echino Foram Quartz Clstic Sparite Micrite Porosity 
(cm) % % % % % % % % % % 
YG8 U 330 12.9 41.0 4.0 1.0 2.0 0.3 0 6.3 10.0 22.6 
YF8 U 210 48.6 9.0 2.6 7.0 1.0 0 0 5.0 24.3 3.3 
YG5 U 180 36.6 27.3 3.3 1.0 2.0 0.3 0 8.3 20.3 0.9 
YD4 U 180 30.6 39.6 1.0 1.3 0.3 0 0 0.3 26.0 0.6 
Ave Upper  32.2 29.2 2.7 2.4 1.3 0.2 0 4.9 20.2 6.9 
YG4 L 150 36.6 9.3 2.3 1.0 5.0 0 0 9.3 23.9 12.6 
YF5 L 150 3.3 25.0 10.6 1.0 10.0 0 0 13.6 20.9 15.6 
YA4 L 150 3.6 27.0 13.0 0 7.0 0 0 9.3 19.3 20.6 
YF2 L 120 20.0 33.0 2.3 1.0 5.0 0 0 8.3 20.3 10.0 
YH1 L 60 14.3 9.6 15.6 0 3.6 0 0 13.3 36.6 6.6 
YE1 L 30 15.6 25.0 10.3 1.0 4.6 0.3 0 11.6 18.6 12.9 
YC1 L 30 12.0 34.0 7.3 3.3 10.0 0 0 21.0 8.3 4.0 
YG1 L 20 12.0 25.0 10.6 7.0 9.3 0.6 13.0 0.3 11.3 10.6 
YF1 L 10 42.0 34.6 0 0 0 0 0 0.3 10.0 13.0 
Ave Lower  17.7 24.7 8.0 1.6 6.0 0.1 1.4 9.7 18.8 11.8 
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Fig. 4.3. Thin sections of the upper terrace in the Yanbu area showing: a) Skeletal grains-bioclasts, 
coralline algal fragment (Alg) and sparite (Sp), 40X, XPL. b) Coral fragment (Cor), 40X, PPL. c) 
Larger foraminifera (L.For), coralline algal fragment (Alg), mollusc fragment (Mlsc) set in a micritic 
ground mass (Mtx) and some undifferentiated bioclasts, 100X, PPL. 
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Fig. 4.4. Thin sections of the lower terrace in the Yanbu area showing: a) biserial Foraminifera (Bi. 
For.), with some undifferentiated bioclast, 40X, PPL. b) Mollusc shell (Mlsc) with some coral 
fragments (Co), 40X, PPL. c) Corals (Co) with micrite cement (Mtx), X40, PPL. d) Same as B, 40X, 
XPL. e) Biserial Foraminifera (Bi. For) with filled chambers, 40X, XPL. 
4.2.1.3 Rabigh Area 
4.2.1.3.1 Front reef 
The standard petrography from thin sections of coral terraces in the Rabigh area are 
presented in Table 4.4. In the lower terrace, corals are found in all samples and ranged in 
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abundance between 2.1and 28.4%. Molluscs appear with a maximum of 18.3%, algae reach a 
maximum of 40.6% whereas echinoderms reach a maximum of 3.2%. Foraminifera only 
appear in a few samples with a percentage less than 5%. The matrix in the thin sections varies 
with micrite being dominant with a maximum of 30.6%, while sparite cement only appears 
with a maximum of 5%. In some samples, the moderate matrix comprises microcrystalline 
calcite, locally noted to be stained by iron oxide (Fig. 4.5). The average porosity is 14.4%. 
Silicate minerals are rare with quartz being the most common with a maximum content of 
4.4%. Rare traces of phosphate are noted as accessory and replacement minerals (Fig. 4.5b). 
In contrast, the upper terrace coral percentages are much higher than in the lower terrace with 
a maximum percentage of 55.2%. No foraminifera were seen and only a low percentage of 
algae, echinoderms and molluscs appear in the upper terrace with maximum percentages of 
15.6% for algae, 14.6% for echinoderms and 10% for molluscs. The matrix in the studied 
samples from the upper terrace is similar to the lower terrace with micrite reaching a 
maximum of 46.3% and only minor sparite cement (maximum of 11.2%; Fig. 4.6). 
Microcrystalline calcite also occurs as matrix in rare amounts. No silicate minerals were seen 
in the upper terrace. 
Table 4.4. Quantitative composition of the main components in the reef terraces in the Rabigh 
area. 
Sample Terrace 
Height Coral Algae Molluscs Echino Foram Quartz Clstic Sparite Micrite Porosity 
(cm) % % % % % % % % % % 
KA8 U 220 55.2 0.3 0 0 0 0 0 11.2 0.9 32.0 
KB11 U 185 11.0 15.6 10 14.6 0 2.6 0 0.3 24.6 7.6 
KB10 U 160 33.3 0 1.6 0.3 0 0 0 0 46.3 16.3 
KC5 U 145 27.8 9.7 1.0 0.6 0 0 0 0.3 17.6 21.0 
Ave Upper  31.8 6.4 3.2 3.9 0 0.7 0 2.9 22.4 19.2 
KA7 L 120 28.4 33.2 6.1 0.3 0 4.4 0 1.2 6.1 16.3 
KC4 L 95 14.0 26.0 13.3 2.6 0 0.3 0 4.3 9.3 19.3 
KB3 L 80 23.0 40.6 1.3 2.3 5.0 0.3 0.3 5.0 16.0 6.0 
KB9 L 40 2.1 23.6 18.3 3.2 0.3 0 0 2.9 30.6 16.3 
Ave Lower  16.9 30.9 9.8 2.1 1.3 1.3 0.1 3.4 15.5 14.5 
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Fig. 4.5. Thin sections of the lower terrace in Rabigh area showing: a) skeletal packstone 
highlighting coralline algal fragment (Alg), and coral fragment (Co), 2.5X. b) Inset in 4.4a at higher 
magnification view shows bioclasts which includes algal fragments (Alg) and mollusc fragments 
(Mlsc) set in a micritic matrix (Mtx) with rare phosphate fragment (Ph) as accessory, 10X. 
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Fig. 4.6. Thin sections of the upper terrace in Rabigh area showing: a) Low magnification view of a 
coral framestone highlighting coarse grade coral fragments (Co) forming the framework, rare sponge 
spicules (Spi) set in a micritic matrix (Mtx), 2.5X. b) Inset in 4.6A at higher magnification view 
shows coarse grade coral fragment (Cor) with induced fracture (Afr) transecting the fragment, 10X. 
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4.2.1.3.2 Back-reef  
Due to the large number of samples and variety of components in the back-reef area, 
the full petrography results are presented in Appendix 1-C while a summary is presented in 
this chapter with the minimum, maximum and average percentages for most existing 
components. Coral in the back-reef area is much less abundant compared with the upper and 
lower reefs. Only two samples have high coral proportions, with the highest percentage being 
54% and an average of 8.1% in all samples (Table 4.5). Also, the back-reef area is poorer in 
molluscs than in the upper and lower reefs with a maximum of 4.5%. The proportion of algae 
in the back-reef varies and it ranges between 0 and 39.2%. Echinoderms are common in this 
area; however, they only appear in low percentage with an average of 2.5%. Micrite is the 
dominant matrix in the back-reef area indicating a quiet water depositional environment. 
Quartz and plagioclase are the only silicate minerals seen in the back-reef with less than 2% 
as the highest proportion. In the lower part of the back-reef a moderate negative correlation 
appears between stratigraphic height and echinoderms. Also, a strong negative correlation 
appears between height and sparite. A high positive correlation occurs between bivalves and 
echinoderms, which can indicate the same environmental requirements for both of them. 
Table 4.5 Quantitative composition of the main components in the back-reef at Rabigh area 
(minimum, maximum and average percentage for each component) in a transect from north to 
south. 
Location 
Number 
Number of     
samples 
Coral 
% 
Algae 
% 
Molluscs 
% 
           Echino 
% 
Foram 
% 
Sparite 
% 
Micrite 
% 
Porosity 
% 
RB2 5 0-8.3 1.3-27 0.3-3 0.3-9 0-2.2 0-41.3 14.2-36.6 22.6-37.6 
Average  1.9 18 2.1 3.2 0.6 10 26.1 30.8 
RB3 8 0-54 0-39.2 0-4.5 0-6.2 0-0.4 0-51.5 0-45.4 5.1-46 
Average  10.9 11.5 0.7 2.2 0.1 19.1 23.7 27.7 
RB4 3            1.3-3.4 14-18.6 0-1.3 0.6-4 0-0.3 0-23 16.4-39.6 27.6-39.3 
Average  2.1 16.9 0.8 1.9 0.1 9.4 25.5 33.2 
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4.2.1.4 Al-Ruwais Area 
In the Al-Ruwais area the upper part of the terrace consists of fluvial sediments so the 
entire petrographically analysed samples are from the lower part of the terrace. The standard 
petrography for thin sections of the terrace is presented in Table 4.6. 
No corals appear in most of the Al-Ruwais samples, except one sample with a percentage of 
2.6%. Algae, echinoderms and foraminifera are also not present in these thin sections. 
Molluscs only appear in one sample with a low percentage of 3.6%. Sparite is the common 
cement in the Al-Ruwais area (Fig. 4.7) with an average of 44.4% and a maximum of 63.6 %, 
while micrite matrix only occurs in low percentages in all samples with a maximum of 7.3%. 
The average porosity is 9.3%. Quartz is the most common silicate mineral in this terrace with 
a maximum of 32.9%, followed by many other minor minerals including plagioclase, K-
feldspar, tourmaline and hornblende (Fig. 4.7). The petrographic study of this terrace shows a 
rare appearance of corals and molluscs and a complete absence of algae, foraminifera and 
echinoderms. That suggests this terrace may represent a back-reef deposit since silicate 
minerals are found in high proportion. The coral and coral rubble found in this terrace could 
be transported from another area by waves or currents. 
 
Table 4.6. Quantitative composition of the main components in the non-reefal terrace at Al-
Ruwais. 
Sample 
Height Coral Algae Molluscs Echino Foram Quartz Clstic Sparite Micrite Porosity 
(cm) % % % % % % % % % % 
R19 170 0 0 0 0 0 26.0 29.3 32.0 4.6 8.0 
R18 170 0 0 3.6 0 0 27.3 29.3 25.0 7.3 7.3 
R9 170 0 0 0 0 0 17.0 23.6 50.3 3.3 5.6 
R17 160 0 0 0 0 0 18.6 18.3 50.0 2.0 11.0 
R8 160 0 0 0 0 0 32.9 13.3 45.3 1.3 7.0 
R3 110 2.6 0 0 0 0 4.6 5.9 63.6 6.3 17.0 
Ave  0.4 0 0.6 0 0 21.1 20 44.4 4.1 9.3 
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Fig. 4.7. Thin sections from the terrace in the Al-Ruwais area showing: a) Recrystallization in the 
matrix, pseudosparite (Psud), 40X, XPL. b) Clastic rock fragments include plagioclase (Plg.), feldspar 
(Fld.), with very fine crystals in the matrix, and a few clasts of algae (Alg) and mollusc shell (Mlsc), 
40X, XPL. 
4.2.1.5 Al-Qattan Area 
The standard petrography from thin sections of coral terraces in the Al-Qattan area are 
presented in Table 4.7. In the lower terrace, corals, algae and molluscs appear in all samples, 
but corals are the most common and range in abundance between 11.3 to 40.6%. The second 
most common bioclasts in the lower terrace are algae with a maximum of 40.3% while 
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molluscs reach a maximum of 10% in the lower terrace. Echinoderms and foraminifera only 
appear in some samples with a percentage always less than 2.6 and 6.3%, respectively. The 
matrix of the thin sections in the lower terrace varies with micrite reaching a maximum of 
30% in some samples (Fig. 4.8a, b, d) while sparite cement reaches the same percentage in 
other samples Fig. 4.8c). A minor amount of micritic matrix was noted, possibly locally 
oxidized due to subaerial exposure (Fig. 4.8e). The average porosity in the lower terrace is 
8.7%. Silicate minerals are rare in the Al-Qattan area in general, and only appear in two 
samples with an average of 0.7% for quartz and 1.5% for other silicate minerals including 
plagioclase, K-feldspar, tourmaline and hornblende. Anhydrite/gypsum are noted as a 
replacive phase while glauconite is noted in rare traces as an accessory mineral. 
The upper terrace in the Al-Qattan area shows similar quantitative composition as the lower 
terrace. Corals, algae and molluscs appear in all samples, with a maximum of 42.3%, 34.0%, 
and 5.3%, respectively. Also echinoderms and foraminifera only appear in some samples 
with a maximum of 2.3% for both. The matrix is mainly micrite (Fig. 4.9), generally with a 
low percentage, but with a maximum of 28.3%, while sparite cement has a maximum of 
20.6%. Silicate minerals are not present in this terrace except one sample with 0.6% quartz. 
Glauconite is also noted in the upper terrace as a rare accessory mineral. 
Table 4.7. Quantitative composition of the main components in the reef terraces at Al-Qattan. 
Sample Terrace 
Height Coral Algae Molluscs Echino Foram Quartz Clastic Sparite Micrite Porosity 
(cm) % % % % % % % % % % 
QB9 U 230 30.0 30.6 1.6 2.3 1.0 0 0 11.3 10.6 12.3 
QA9 U 200 12.0 34.0 0.6 2.3 1.0 0.6 0 20.6 17.0 11.9 
QG7 U 190 40.3 20.6 0.6 2.0 0 0 0 8.6 16.0 11.9 
QA5 U 170 42.3 23.6 4.6 0 2.3 0 0 3.0 17.0 7.0 
QG5 U 160 40.3 25.3 0.6 0 0 0 0 4.3 18.6 11.0 
QC4 U 130 12.0 25.3 5.3 2.3 1.0 0 0 18.3 28.3 3.3 
Ave Upper  29.5 26.6 2.2 1.5 0.9 0.1 0 11.0 17.9 9.6 
QC3 L 120 40.6 17.3 6.3 0 0 0 0 14.3 15.0 6.3 
QB2 L 100 11.3 28.6 7.3 2.6 1.0 5.6 13.3 1.6 17.3 11.0 
QC2 L 80 33.0 20.3 9.6 0 5.0 0 0 4.0 26.3 1.6 
QD4 L 80 40.3 16.0 3.6 0 1.0 0 0 9.6 17.0 12.6 
QD2 L 60 40.3 17.3 3.6 0.6 1.0 0 0 18.3 9.3 9.6 
QA1 L 50 22.3 34.0 2.3 0.6 0 0 0 20.3 9.3 11.0 
QB1 L 50 19.0 27.6 3.6 0 2.0 0 0 6.6 30.0 11.0 
QF2* L 40 10.6 40.3 7.0 0.6 1.3 1.3 0 30.0 2.3 6.3 
QG2 L 40 24.3 28.0 6.3 0 6.3 0 2.0 18.6 3.3 9.3 
QD1 L 30 36.0 21.0 10 0 1.6 0.3 0 0 2.3 1.0 8.6 
Ave Lower  27.8 25.0 5.9 0.6 1.8 0.7 1.5 12.6 13.1 8.7 
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Fig. 4.8. Thin sections of the lower terrace in Al-Qattan area showing: a) Bioclast, mainly mollusc 
(Mlsc), aragonitic fibrous cement fills the matrix (Arg), 40X, XPL. b) Coral (Co) with some pore-
filling cementation, 40X, XPL. c) Obvious fibrous cement (Fib) in spaces between grains, 40X, XPL. 
d) Large foraminifera bioclast (L. For), with some echinoid plates (Ech), 40X, PPL. e) A skeletal 
packstone highlighting coralline algal fragments (Alg), echinoids (Ech), rare gastropod (Gst) set in a 
minor micritic matrix (Mtx), 10X, PPL. f) Larger foraminifera in micrite (Mic.) matrix, 40X, PPL. 
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Fig. 4.9. Thin sections of the upper terrace in Al-Qattan area showing: a) Low magnification view 
shows a coral framestone highlighting algal encrustations (Alg) around coral fragments (Co), 2.5X. b) 
Inset in 4.9a at higher magnification view shows echinoderm (Ech), coralline algal fragment (Alg), 
coral fragment (Co), 10X. 
4.2.2 Beach rock 
The beach rock samples were taken from locations R1, R3, R4 and R5. In the beach rock 
calcareous algae are the dominant element with proportions ranging from 13.6% to 48.9%. 
The cellular structure of coralline algae is clearly visible in most of the studied samples (Fig. 
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4.10c). Except for one coral sample, recognisable coral fragments only appear in low 
percentages (less than 11.9%). Bivalves (Fig. 4.10e) occur in a range between 3.3% and 
11.3%. The beach rock is poor in echinoderms and foraminifera with maximum percentages 
of 3.4%. The average of porosity is 8.4% and the matrix/cement is composed of micrite and 
sparite where the sparite content is higher in most samples. Many silicates occur but in low 
proportions including quartz (Fig. 4.10a-b), K-feldspar, tourmaline and hornblende.  
  
  
  
Fig. 4.10. a-b) Thin section photomicrographs (plane and cross-polarised illumination) illustrating 
quartz grains in the upper beach rock. c) Thin section of algae in the upper beach rock. d) Thin section 
of fragments of Halimeda in the upper beach rock. e) Prominent fragments of bivalve shells in the 
upper beach rock. f) Gastropod section in micirite matrix in the lower beach rock. 
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4.2.3 Discussion for the petrography results 
The petrography results show that coral appears in all the samples in the coastal 
succession in a high proportion (average 22.7%) and shows a higher percentage in the upper 
part of the reef compared with the lower part of the reef. While in inland successions coral is 
much less common and disappears in many samples, especially in the Al-Ruwais area (Table 
4.6). Algae are also common in all coastal successions with not much difference between the 
upper and lower parts of the reef except in the Rabigh area where the upper part of the reef 
has much less algae than the other locations and the lower part of the terrace with an average 
of 6.4%. The proportion of algae in the inland successions varies where in the Rabigh back-
reef it ranges between 0 and 39.2% while no algae appear in the Al-Ruwais area. Molluscs 
appear in all coastal succession with a higher percentage in the lower part of the succession in 
all locations. The results also show that molluscs are more common in the northern location 
coastal succession at Duba and decrease toward middle part at Yanbu and Rabigh and 
decreased again in the southern location at Al-Qattan. While the inland successions show low 
percentages of molluscs in the Rabigh back-reef area and they disappear in most samples in 
the Al-Ruwais area. Echinoids are common in all coastal successions, and show no obvious 
difference between the upper and lower parts of the successions. However, echinoids show an 
almost similar distribution to the molluscs with a higher percentage at Duba and a decrease 
towards the middle part at Yanbu and Rabigh and a decrease again in the southern location at 
Al-Qattan. The inland succession shows a percentage of echinoids in Rabigh back-reef area 
that is similar to the coastal successions but in the Al-Ruwais area no echinoids can be seen. 
Molluscs and echinoderms show similar distributions in the study area which can indicate the 
same environmental requirements for both of them. Foraminifera are more common in the 
lower part of the terrace in the coastal succession with almost double the percentage in all 
locations while they appear in the inland succession with a low percentage in the Rabigh 
back-reef area and no presence in the Al-Ruwais area. Quartz is low in general in all coastal 
successions (Duba, Yanbu, Rabigh and Al-Qattan) and in the Rabigh back-reef area, while 
the Al-Ruwais inland succession shows a much higher quartz content that probably reflects 
additions from the overlying fluvial sand. While quartz shows a slight increase in the lower 
reef compared to the upper reef at Duba, Rabigh and Al-Qattan, it is almost the same at 
Yanbu. Silicates minerals are found in many samples throughout the coastal succession in 
low percentage while they disappear in many samples especially in the Yanbu area where the 
terrace is well cemented. The back-reef area at Rabigh also contains the similar low 
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percentage while the inland succession at Al-Ruwais contains a high percentage (average 
20%) of these silicate minerals. The distribution of quartz and silicate minerals are reasonable 
where these detrital minerals have been moved to the depositional site from adjacent Tertiary 
outcrops in an arid climate as a response to mechanical weathering conditions, flash floods or 
wind action. The terrace in the Al-Ruwais area is covered by a layer of fluvial channel 
deposits which explains the high percentages of quartz and silicate minerals in this area since 
they have infiltrated into the porous limestone. 
4.3 Classification of carbonate rocks in the study area 
The samples are classified using Dunham’s classification (1962), modified by Embry 
& Klovan (1971). The entire series of lower terrace samples is classified as skeletal 
packstone and skeletal grainstone, while for the upper terrace the same classification applies 
but many samples are also classified as coral framestone. 
4.4 Diagenesis of carbonate rocks in the study area 
Generally carbonate diagenetic processes can be divided into constructive and 
destructive diagenesis (Flugel, 2004). The constructive diagenesis includes cementation, 
neomorphism, dissolution and dolomitisation while the destructive diagenesis involves 
biological/mechanical erosion and chemical dissolution. The following is an observation of 
the main diagenetic processes in the study area. 
4.4.1 Cementation 
Cementation is identified as the main diagenetic process along the terraces in the study 
area. The types and distribution of cement vary, where calcite partly fills the granular voids in 
most samples. The carbonate cementation is predominantly crystalline calcite, while 
aragonite cement appears in some samples especially coral dominated samples from the 
lower portions of the coastal terraces. Some of the samples contained dolomite, which was 
only seen in the XRD and thin sections. Also, some samples show abundant calcite 
cementation which causes the replacement of aragonite skeletal grains by calcite. Five major 
cement types are recognized in the thin sections in the study area: fibrous, blocky, granular, 
bladed and micritic cement while in some samples drusy cement also appears (Fig. 4.12). 
Fibrous aragonite occurs in many samples from the upper and lower reef (Fig. 4.12a) mostly 
as blade-shaped needles of aragonite (Fig. 4.11a). Blocky calcite cement is the most common 
cement type in the back-reef (Fig. 4.12b) but also appears in the main reef terrace and is 
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distributed equally around most of the grains leaving an average porosity of 14% (Fig. 
4.11b). Granular and bladed cements appear in many samples along the terrace where 
granular calcite cement is common in interparticle pores, while bladed cements are usually 
high-Mg calcite and form thin isopachous fringes on grains. Micritic cements in the study 
samples are associated with algae, and comprise one of the most common types of cement, 
especially in the back-reef (Fig. 4.12c). 
The fabric of the cement showed small crystals (10-20μm) forming an early diagenetic grain-
rimming isopachous calcite cement in many samples. The relationship between crystal size 
and rate of formation of nuclei compared to the collective growth rate shows that the 
presence of small crystals indicates rapid early marine cementation. 
The cement type and diagenetic fabric of the studied terraces indicate a marine- phreatic 
environment (Flugel, 2004) while some of the calcite features are typical of a fresh water 
phreatic environment, as mentioned by Meyers (1978). It is also comparable to the diagenetic 
fabric results from similar coral terraces along the Red Sea (stage II in Gvirtzman and 
Friedman, 1977, and the lower reef unit in Abd-El Shafy et al., 2000).  
In general, the petrographic study of the coral terraces in the study area shows more 
cementation and micrite formation in the lower part than in the upper part, especially in the 
Yanbu and Rabigh areas (Fig. 4.11b). Aragonite cementation is a characteristic feature of the 
lower part of the reef, and is similar to that observed in a variety of other carbonate 
depositional environments including the Great Barrier Reef (Marshall and Davies, 1981; 
Marshall, 1983), the Red Sea (Friedman et al., 1974) and Barbados (Macintyre et al., 1968). 
Thin sections from the lower part of the terrace also show some leaching of aragonite 
accompanied by calcite replacement and low porosity.  
4.4.2 Neomorphism 
Neomorphism is one of the major diagenetic processes that is active in the study area. 
Neomorphism occurs due to inversion whereby calcite replaces aragonitic grains and 
cements. As the dissolution of the original mineral occurs there are some leftover remnants in 
the original shells and neomorphic calcite (Fig. 4.13). Also, early “small crystal” re-
crystalization of micritic matrix into sparite appears in some samples where the micritic 
matrix suffered from progressive and subsequent stages of diagenetic recrystallization into 
microspar and then into sparite (Fig. 4.13). 
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4.4.3 Compaction and dissolution  
No mechanical compaction appears in the samples. However, chemical compaction 
(dissolution) has occurred to varying degrees in some of the lower reef samples, but was not 
very extensive (Fig. 4.14). In some samples, aragonitic skeletons of corals and gastropods 
show the start of dissolution and aragonite cement needles are corroded. The dissolution was 
selective according to the microstructure of the organisms (cf. Gvirtzman and Friedman, 
1977; Constantz, 1986; Dullo, 1986). This compaction could be caused by dissolution that 
occurs during the infrequent rainy periods. 
 
Fig. 4.11. Cross-polarized thin section image of the lower part in Yanbu area showing: a) Aragonite 
cementation and diagenesis. b) Blocky calcite cement distributed equally around most of the grains 
leaving an average porosity of 14%. 
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Fig. 4.12. a) Sample from the lower reef showing fibrous aragonite cement. b) Mosaic sparry calcite 
cement is the most common type in back-reef. c) Intraclastics embedded in a micritic matrix in the 
lower reef. d) Drusy cement in the upper reef. 
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Fig. 4.13. Samples from the lower reef showing neomorphism. 
  
  
 
Fig. 4.14. a) Dissolution of micrite matrix and granular cement takes place in a beach rock sample. b) 
dissolution of matrix in an upper reef sample. c) dissolution of micrite matrix and formation of blocky 
calcite cement filled the internal cavity of the fossils and the pore spaces in a lower reef sample.  
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4.4.4 Discussion for the diagenesis  
The diagenetic study shows that the matrix of the samples from the coastal succession 
is mostly micrite, except for the lower reef at Duba. Micrite matrix is more common in the 
upper part of the reef and inter-reef sandy and muddy infills. The porosity, therefore, is lower 
in the lower part of the coastal terrace in most of the locations except Yanbu where the upper 
and lower parts are more strongly cemented. The remaining porosity in these areas is due to 
voids within the fossils and rock grains, so it is mainly intragranular porosity. In the inland 
succession, micrite is also the dominant matrix in the Rabigh back-reef area indicating a quiet 
water depositional environment, while at Al-Ruwais area, sparite is the dominant matrix.  
In general, apart from the lower part of the terrace in the coastal exposures, the inland and 
raised terraces are only poorly cemented. Cementation is more common in the lower part of 
the coastal succession, especially in the exposed coastal sections. The lower part of the 
terraces also shows some leaching of aragonite accompanied by calcite replacement and low 
porosity. Aragonite cementation is a characteristic feature of the lower part of the reef and the 
beach rock while in the raised terrace blocky calcite cement is distributed equally around 
most of the grains.  
Diagenesis of the beach rock in the Rabigh area is compared to the diagenesis in the lower 
exposed parts of the terraces in Duba, Yanbu, Rabigh and Al-Qattan area. The lower part of 
the terraces was affected by the Holocene sea level high-stand which resulted in similar 
diagenesis and more cementation. While farther north in the Haql area, even were no 
carbonate samples were collected, the terraces where uplifted so not much diagenesis would 
have occurred which seems clear from the disappearance of the cemented lower part.  
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4.5 XRD Results 
In this part, X-ray powder diffraction results were presented for carbonate and coral 
samples of each area and notable percentages and averages are illustrated. For the Haql 
area no carbonate rock samples were collected since the terrace is poorly cemented and 
covered by loose sand. Also, the initial XRD analyses of the lower, upper and back-reef 
successions all showed the presence of sodium chloride which was produced by the 
evaporation of sea water. The XRD analyses were recalculated after removing the sodium 
chloride from the samples, which produced the following results. 
4.5.1 XRD results for carbonate samples 
4.5.1.1 Duba area  
4.5.1.1.1 Lower Terrace 
The lower terrace in Duba area is about 150 cm thickness. The XRD results for the 
lower terrace (Table 4.8) show a highly variable percentage of aragonite, followed by calcite 
and high-Mg calcite. The average composition is 38.8%, 24.7% and 24% for aragonite, high-
Mg calcite and calcite, respectively. Trace amounts of dolomite are present in most samples 
with a maximum proportion of 1.5%. Ankerite and siderite occur throughout the lower reef in 
low percentages (maximum of 3.5% for ankerite and 1.2% for siderite) while evaporitic 
minerals appear in almost all the samples with an average of 5.7% for gypsum. Other silicate 
minerals occur in different proportions throughout the lower terrace where quartz is the main 
non-carbonate mineral with an average of 3.3%. 
 
Table 4.8. Mineral percentages in the lower terrace from the Duba area. 
 
DA3 DA8 DA11 DA12 DB1 DB3 DC1 Average 
Quartz 1.2 1.0 0.9 17.6 1.0 0.3 1.1 3.3 
Aragonite 57.0 51.2 33.0 26.5 33.7 66.7 3.7 38.8 
Calcite 13.4 14.3 19.5 18.8 19.9 6.4 76.9 24.0 
High-Mg calcite 23.4 23.5 34.0 34.5 39.8 3.3 14.2 24.7 
Gypsum 1.2 3.6 9.5 0 1.7 22.5 1.5 5.7 
Dolomite 0.8 1.5 0 0.7 0.7 0 1.0 0.7 
Ankerite 2.4 3.5 2.9 1.3 2.3 0.7 0.9 2.0 
Siderite 0.6 1.2 0 0.7 0.8 0.1 0.6 0.6 
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4.5.1.1.2 Upper terrace 
The upper terrace in the Duba area is about 200 cm thick. The XRD results for the 
upper terrace (Table 4.9) show a highly variable percentage of calcite followed by high-Mg 
calcite and then aragonite. The average compositions are 39.4%, 27% and 25% for calcite, 
high-Mg calcite and aragonite, respectively. These results show a slight decrease in the 
amount of aragonite with an increase in calcite and similar amounts of high-Mg calcite 
compared with the lower terrace. Dolomite is recognized in all samples with a maximum 
proportion of 1.4%. Ankerite and siderite occur throughout most of the samples of the upper 
terrace in low percentages (maximum of 4.5% for ankerite and 1% for siderite). Evaporitic 
minerals occur in all samples with an average of 3.4% for gypsum. Other silicate minerals in 
the upper terrace showed almost the same proportions as in the lower terrace where quartz is 
the main mineral with an average of 0.6%. 
Table 4.9. Mineral percentages in the upper terrace from the Duba area. 
 
DA13 DB8 DB10 DC6 Average 
Quartz 1.0 0.4 0.7 0.5 0.6 
Aragonite 31.3 28.4 26.7 13.7 25.0 
Calcite 22.3 23.0 38.4 73.9 39.4 
High-Mg calcite 35.3 38.4 25.9 8.6 27.0 
Gypsum 3.3 5.9 2.8 1.7 3.4 
Dolomite 1.4 1.4 1.2 0.3 1.1 
Ankerite 4.5 2.5 3.3 0.7 2.8 
Siderite 0.8 0 1.0 0.5 0.6 
 
4.5.1.2 Yanbu area  
4.5.1.2.1 Lower Terrace 
The lower terrace in Yanbu area ranges in thickness between 150 and 200 cm. The 
XRD results for the lower terrace (Table 4.10) showed a highly variable percentage of high-
Mg calcite followed by calcite and then aragonite with averages of 39.3%, 26.6% and 23.7% 
for high-Mg calcite, calcite and aragonite, respectively. Dolomite is present in all samples 
with a maximum proportion of 1.5%. Ankerite and siderite occur throughout the lower reef in 
low percentages (maximum of 10.6% for ankerite and 1.3% for siderite) while evaporitic 
minerals appear in all the samples with an average of 3.3% for gypsum. Other silicate 
minerals occur in different proportions throughout the lower terrace where quartz is the main 
mineral with an average of 0.2%. 
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Table 4.10. Mineral percentages in the lower terrace from the Yanbu area. 
 
YA4 YC1 YE1 YF1 YF2 YF5 YG1 YG4 YH1 Average 
Quartz 0.1 0.3 0.3 0.2 0.4 0.2 0.4 0.1 0.2 0.2 
Aragonite 27.0 12.6 6.4 10.4 16.9 24.8 24.9 47.3 43.2 23.7 
Calcite 27.1 25.2 22.5 31.2 47.0 30.6 23.5 12.8 18.9 26.6 
High-Mg calcite 38.2 55.2 62.8 47.8 24.7 36.9 42.0 21.8 23.9 39.3 
Gypsum 3.0 2.3 2.3 3.0 4.3 2.3 2.3 8.6 1.8 3.3 
Dolomite 0.4 0.7 1.1 1.1 0.4 0.7 1.5 0.3 0.7 0.8 
Ankerite 3.2 3.2 3.6 4.9 5.5 3.6 4.0 8.1 10.6 5.2 
Siderite 0.9 0.5 0.9 1.3 0.8 0.8 1.2 1.0 0.6 0.9 
 
4.5.1.2.2 Upper terrace 
The upper terrace in Yanbu area is about 200 cm thick. The XRD results for the upper 
terrace (Table 4.11) showed a highly variable percentage of calcite followed by aragonite and 
then high-Mg calcite. The averages are 30.3%, 25.7% and 22.3% for calcite, aragonite and 
high-Mg calcite, respectively. These results show a similar amount of aragonite with a slight 
decrease in the amount of high-Mg calcite and calcite compared with the lower terrace. 
Dolomite is recognized in all samples with a maximum proportion of 1.9%. Ankerite and 
siderite occur throughout all the samples in the upper terrace in low percentages (maximum 
of 11.5% for ankerite and 1.3% for siderite). Evaporitic minerals occur in almost all samples 
with an average of 9.2% for gypsum. Other silicate minerals in the upper terrace showed 
almost the same proportions as in the lower terrace with a slight increase in quartz which is 
the main mineral with an average of 1.1%. 
Table 4.11. Mineral percentages in the upper terrace from the Yanbu area. 
 
YD4 YF8 YG5 YG8 Average 
Quartz 0.4 1.9 2.1 0.1 1.1 
Aragonite 28.4 34.2 32.0 8.1 25.7 
Calcite 21.7 26.8 13.5 58.9 30.3 
High-Mg calcite 34.7 19.5 19.5 15.7 22.3 
Gypsum 5.4 6.7 20.8 4.0 9.2 
Dolomite 1.6 1.6 0.3 1.9 1.4 
Ankerite 6.4 8.4 11.5 10.4 9.1 
Siderite 1.3 0.9 0.1 0.8 0.8 
4.5.1.3 Rabigh area 
4.5.1.3.1 Lower Terrace 
The lower terrace in Rabigh area ranges in thickness between 90 and 110 cm. The 
XRD results for the lower terrace (Table 4.12) show a highly variable percentage of aragonite 
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followed by high-Mg calcite and then calcite. The average contents are 34.4%, 31.0% and 
20.5% for aragonite, high-Mg calcite and calcite, respectively. Dolomite is present in all 
samples with a maximum proportion of 1%. Ankerite and siderite occur throughout the lower 
reef in low percentages (maximum of 7% for ankerite and 0.6% for siderite) while evaporitic 
minerals appear in all the samples with an average of 5.9% for gypsum. Other silicate 
minerals occur in different proportions throughout the lower terrace where quartz is the main 
mineral with an average of 2.9%. 
Table 4.12. Mineral percentages in the lower terrace from the Rabigh area. 
 
KA7 KB3 KB9 KC 4 Average 
Quartz 3.2 0.5 3.7 4.5 2.9 
Aragonite 32.6 29.8 32.4 42.9 34.4 
Calcite 19.2 24.1 22.5 16.1 20.5 
High-Mg Calcite 26.5 37.2 37.0 23.4 31.0 
Gypsum 10.5 2.2 1.3 9.5 5.9 
Dolomite 1.0 1.0 0.2 0.9 0.8 
Ankerite 7.0 4.5 2.4 2.7 4.2 
Siderite 0 0.6 0.4 0 0.3 
4.5.1.3.2 Upper terrace 
The upper terrace thickness in Rabigh area is about 200 cm. The XRD results for the 
upper terrace (Table 4.13) show a highly variable percentage of aragonite followed by high-
Mg calcite and then calcite. The average contents are 46%, 24.2% and 18.2% for aragonite, 
high-Mg calcite and calcite, respectively. These results show a slight increase in the amount 
of aragonite and a decrease in the amount of calcite and high-Mg calcite compared with the 
lower terrace. Dolomite is recognized in the upper terrace with a maximum proportion of 
0.3%. Ankerite and siderite occur throughout most of the samples of the upper terrace in low 
percentages (maximum of 6.8% for ankerite and 0.8% for siderite). Evaporitic minerals occur 
in all samples with an average of 8.8% for gypsum. Other silicate minerals in the upper 
terrace showed only low proportions where quartz is the main mineral with an average of 
0.3%. 
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Table 4.13. Mineral percentages in the upper terrace from the Rabigh area. 
 
KA8 KB11 KB10 KC5 Average 
Quartz 0.9 0.1 0 0 0.3 
Aragonite 72.1 29.7 40.8 41.6 46.0 
Calcite 12.3 26.4 19.6 14.6 18.2 
High-Mg Calcite 8.4 39.5 30.7 18.3 24.2 
Gypsum 6.3 2.9 7.4 18.6 8.8 
Dolomite 0 0.2 0.3 0 0.1 
Ankerite 0 0.3 0.6 6.8 1.9 
Siderite 0 0.8 0.6 0 0.4 
4.2.1.3.3 Back-reef  
 
Due to the large sample number and variety of minerals in the back reef area, the full 
XRD results are presented in Appendix 2-C, while a summary is presented in this chapter 
with the minimum, maximum and average percentage for most existing components (Table 
4.14). The XRD results in the back-reef area showed a very low percentage of aragonite 
ranging between 0 and 9.2%. Calcite is the dominant mineral with a mean value of 62.2%, a 
minimum of 3.5% and a maximum of 93.1%. High-Mg calcite appears in the back-reef with a 
variable proportion, especially in location RB3, where the mean value is 42.7%, and it ranges 
from a minimum of 0% to a maximum of 83.9%. In locations RB2 and RB4 high-Mg calcite 
only appears in low percentage with a maximum of 13.2%. Dolomite is possibly present in 
some samples with a maximum proportion of 0.3%. Siderite occurs throughout the lower 
back-reef unit in low percentages with a maximum of 3.7% while ankerite only appears in 
some samples with a maximum of 0.5%. Evaporitic minerals occur in almost all the samples 
in low proportions ranging between 0-3.8% for gypsum. Silicate minerals also appear in low 
proportions throughout the back-reef. Kaolinite is present in all the samples in a range 
between 0.3% and 1.8% while the illite/muscovite is present in most samples in a range of 0-
4.3%. Chlorite and quartz only occur in some samples with a maximum of 1.4% and 1.1% for 
chlorite and quartz, respectively. Other silicates minerals appear in most samples with a 
maximum proportion of 3.3% for albite and 7.9% for orthoclase. Muscovite and biotite are 
only present as clay-size material with no much coarser mica. 
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Table 4.14 Mineral percentages in the back-reef terrace in the Rabigh area (maximum, 
minimum and average percentages for each location) in a transect from north to south. 
Location 
number 
Number of 
samples 
Quartz Aragonite Calcite 
High-Mg 
Calcite 
Gypsum Dolomite Ankerite Siderite 
% 
RB2 5 0-0.3 0-1.6 76.7-93.1 4.1-13.2 0-1.3 0-0.1 0-0.3 0.2-0.6 
Average  0.1 1.2 82 9.4 0.7 0.1 0.1 0.4 
RB3 8 0-1.1 0-2.4  3.5-86.9 3.8-83.9 0-2.2 0-0.3 0-0.5 0-3.7 
Average  0.3 0.8 43.6 42.7 1.2 0.1 0.2 0.7 
RB4 3 0-0.7 0-9.2 66.1-85.6 0-10 0.4-3.8 0-0.3 0-0.4 0.2-0.4 
Average  0.3 3.2 78.6 6.1 2.4 0.1 0.3 0.3 
 
4.5.1.4 Al-Ruwais area 
The terrace in Al-Ruwais is about 4 m high and is divided into two layers (lower and 
upper) the lower layer is the coral terrace with a height of about 170 cm while the upper part 
consists of fluvial sediments (channel deposits) with a thickness of about 230 cm. All the 
XRD results are for samples from the lower layer. The XRD results for the lower layer (Table 
4.15) show a highly variable percentage of calcite followed by low percentages of aragonite 
and then high-Mg calcite. The calcite content averages 47.1%, while the aragonite and high-
Mg calcite contents only average 6.7% and 5%, respectively. Dolomite is present in all 
samples with a maximum proportion of 3.9%. Ankerite and siderite occur throughout the 
terrace in low percentages (maximum of 14.9% for ankerite and 1.7% for siderite) while 
evaporitic minerals appear in most of the samples with an average of 2.4% for gypsum. Other 
silicate minerals occur in relatively high proportions throughout this terrace compared with 
the terraces in the other areas. Quartz is the main mineral and reaches a maximum of 31.4% 
in Al- Ruwais samples. 
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Table 4.15. Mineral percentages in the lower terrace layer in the Al-Ruwais area. 
 
R3 R8 R9 R17 R18 R19 Average 
Quartz 2.0 59.7 0 40.9 49.2 36.6 31.4 
Aragonite 10.0 6.7 9.0 6.7 2.8 4.9 6.7 
Calcite 81.0 27.6 62.9 38.1 31.5 41.5 47.1 
High-Mg Calcite 4.7 2.3 6.3 3.6 7.3 6.1 5.0 
Gypsum 1.1 0 4.3 5.7 2.3 1.0 2.4 
Dolomite 0.2 1.4 2.0 1.1 3.1 3.9 2.0 
Ankerite 0.4 1.7 14.9 2.7 2.8 4.0 4.5 
Siderite 0.5 0.6 0.5 1.2 1.0 1.7 0.9 
4.5.1.5 Al-Qattan area  
4.5.1.5.1 Lower terrace 
The lower terrace in the Al-Qattan area ranges in thickness between 200 and 250 cm. 
The XRD results for the lower terrace (Table 4.16) show a highly variable percentage of 
aragonite followed by calcite and high-Mg calcite. The average contents are 44.8%, 19% and 
17.9% for aragonite, high-Mg calcite and calcite, respectively. Dolomite is present in some 
samples with a maximum proportion of 1.5%. Ankerite and siderite occur throughout the 
lower reef in low percentages (maximum of 7.5% for ankerite and 1.7% for siderite) while 
evaporitic minerals appear in almost all the samples with an average content of 10.6% for 
gypsum. Other silicate minerals occur in different proportions throughout the lower terrace 
where quartz is the main mineral with an average of 0.45%. 
Table 4.16. Mineral percentages in the lower terrace from the Al-Qattan area. 
 
QA1 QB 1 QB2 QC2 QC3 QD1 QD2 QD4 QF1 QG2 Average 
Quartz 0.1 0.8 0 0 0.4 0.4 0.2 0.6 1.1 0.9 0.5 
Aragonite 34.4 47.4 19.7 48.4 48.7 29.4 60.4 66.6 25.2 67.9 44.8 
Calcite 27.9 20.4 18.2 10.6 25.0 22.8 13.4 11.9 20.2 8.7 17.9 
High-Mg Calcite 17.4 23.6 15.0 15.9 15.7 31.6 14.0 8.4 34.2 14.3 19.0 
Gypsum 11.2 0 41.4 17.5 2.8 7.7 2.7 5.0 12.2 5.0 10.6 
Dolomite 1.0 1.5 0 0 1.4 1.2 1.2 1.2 0.4 0.8 0.9 
Ankerite 6.8 5.2 5.7 7.2 5.4 5.0 7.5 4.9 5.9 1.5 5.5 
Siderite 1.0 1.1 0 0.4 0.6 1.7 0.5 1.2 0.6 0.7 0.8 
4.5.1.5.2 Upper terrace 
The upper terrace in the Al-Qattan area ranges in thickness between 100 and 130 cm. 
As in the lower terrace, the XRD results for the upper terrace (Table 4.17) show a highly 
variable percentage of aragonite followed by calcite and then high-Mg calcite. The average 
contents are 41.1%, 33.2% and 12.6% for aragonite, calcite and high-Mg calcite, 
 
131 
 
respectively. These results show similar amount of aragonite, an increase in the amount of 
calcite and slight decrease in the high-Mg calcite compared with the lower terrace. Dolomite 
is recognized in all the samples with a maximum proportion of 3.2%. Also, ankerite and 
siderite occur throughout all the samples of the upper terrace in low percentages (maximum 
of 5% for ankerite and 1% for siderite). Evaporitic minerals occur in all samples with an 
average of 6.9% for gypsum. Other silicate minerals in the upper terrace showed almost the 
same proportions as in the lower terrace where quartz is the main mineral with an average of 
0.3%. 
Table 4.17. Mineral percentages in the upper terrace from the Al-Qattan area. 
 
QAA2 QA5 QA9 QB9 QC4 QG5 QG7 Average 
Quartz 0.8 0.1 0.5 0.2 0 0.2 0.6 0.3 
Aragonite 85.6 34.6 40.3 13.7 23.8 37.0 53.0 41.1 
Calcite 8.0 26.6 44.0 59.7 34.5 26.9 32.6 33.2 
High-Mg Calcite 2.4 17.5 10.0 13.3 21.0 16.9 7.0 12.6 
Gypsum 1.4 14.4 2.1 4.1 13.1 11.2 2.4 6.9 
Dolomite 0.4 1.1 0.3 3.2 2.3 2.1 1.2 1.5 
Ankerite 0.3 5.0 1.7 4.7 4.6 4.7 2.6 3.4 
Siderite 1.0 0.6 0.9 1.0 0.7 0.9 0.6 0.8 
4.5.2 XRD results for coral samples 
XRD analysis have been conducted on chosen coral samples that shows less 
diagenesis to select the best samples for U/Th dating and paleoclimatology. For such studies, 
the aragonite in the samples should be 98 to 99%. Table 4.18 shows a summary of the 
aragonite percentages in the coral samples in each area while the detailed results are 
presented in Table 4.19. 
Table 4.18. Summary of the aragonite percentage in coral samples from the study area. 
Area Terrace Coral samples with >98% Aragonite Coral samples with <98% Aragonite 
Haql  4 2 
Duba 
Upper 3 5 
Lower 3 4 
Yanbu 
Upper 2 6 
Lower 4 3 
Rabigh 
Upper 6 4 
Lower 6 3 
Al-Ruwais  0 6 
Al-Qattan 
Upper 0 13 
Lower 5 3 
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Table 4.19. Aragonite and calcite percentages in 68 coral samples from the study area. 
Area Sample no Terrace Height above sea level (m) Aragonite (%) Calcite (%) 
 Haql 
H1 
  
19 98.3 1.6 
H7 19 34.5 65.5 
H10 19 79 21 
H2 18 98.3 1.6 
H3 16 98.6 1.3 
H6 16 98.8 1.2 
Duba 
D3 
Upper 
12 2 98 
DB11 4 91.4 8.6 
DA24 3.5 99.2 0.8 
DA19 3 98.8 1.2 
DA17 2.5 97.7 2.3 
DA15 2.2 97.6 2.4 
DB7 2.15 98.6 1.4 
D2 1.5 2.5 97.5 
DC4 
Lower 
3 92.4 7.6 
DB5 1.35 93.6 6.4 
DA9 1.3 92.1 7.9 
DA7 1 98.4 1.6 
DA6 0.9 98.7 1.3 
DA5 0.8 98.4 1.6 
DA1 0.25 97.3 2.7 
Yanbu 
YC7 
Upper 
3.7 93.8 6.2 
YD7 3 0 100 
YC6 2.1 98.7 1.3 
YB4 2 98.2 1.8 
YC5 2 96.2 3.8 
YE5 2 87.9 12.1 
YC3 1.8 97.1 2.9 
Y3 1.7 97 3 
YE3 
Lower 
1.5 98.6 1.4 
YB2 1.4 98.2 1.8 
YE2 1.3 95.7 4.3 
YG3 1.2 97.7 2.3 
YD2 0.7 96.8 3.2 
YG2 0.7 98.8 1.2 
YA1 0.5 99 1 
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Area Sample no Terrace Height above sea level (m) Aragonite (%) Calcite (%) 
Rabigh 
R2 
Upper 
4 99 1 
R7 3.9 9.1 90.9 
R5 3.7 94.7 5.2 
KB8 2.9 19.3 80.7 
KA6 2.4 98 2 
KB7 1.8 98.7 1.3 
KB6 1.7 99.1 0.9 
R9 1.5 98.5 1.5 
KB5 1.4 97 3 
KB4 1 98.9 1.1 
Rabigh 
1.1.7 
Lower 
1 98.6 1.4 
R8 1 98.4 1.6 
KC2 0.9 97.4 2.6 
R10 0.9 98.6 1.4 
K3 0.8 97.6 2.4 
KC1 0.8 98.7 1.3 
KA2 0.7 97.2 2.8 
KA10 0.7 98.3 1.7 
3.1.4 0.5 99.3 0.7 
Al-Ruwais 
R9 
  
 1.7 35.8 64.2 
R14 1.3 26.4 73.6 
R24 1.3 3.5 96.5 
R12 1.1 22.6 77.4 
R2 1 16.1 83.9 
R11 1 54.3 45.7 
 
 
 
 
 
 
 
Al-Qattan 
Q18  3.8 94.3 5.7 
QE8 
Upper 
 
3.7 87.5 12.5 
Q19 3.1 97.8 2.2 
QE6 3 96.8 3.2 
QD8 2.5 92.9 7.1 
QF7 2.4 81.7 18.3 
QB5 2 23.6 76.4 
QB6 2 76.9 23.1 
QG6 1.7 65.5 34.5 
Q1 1.7 78.4 21.6 
Q10 1.5 95.1 4.9 
Q12 1.5 6.5 93.5 
QAA2 1.2 90.8 9.2 
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Sample no Height above sea level (m) Aragonite (%) Calcite (%) 
QE5 
Lower 
2.5 98.1 1.9 
QG4 1.5 51.5 48.5 
Q17 1.2 98.9 1.1 
QE1 0.6 98.3 1.7 
QE2 0.6 98.8 1.2 
QG1 0.3 96.9 3.1 
QC1 0.1 96 4 
QE3 0.1 99 1 
4.5.3 XRD results for beach rock samples 
XRD analysis have been conducted on beach rock samples. The full XRD results are 
presented in Appendix 2-D, while a summary is present in this chapter with the minimum, 
maximum and average percentage for most existing components (Table 4.20). The lower 
beach rock unit results showed highly variable percentages of aragonite, ranging between 
17.3% and 53.6%, followed in abundance by high-Mg calcite, ranging between 19.4% and 
48.1%, while calcite only occurred in low percentages with a maximum of 12.4%. Dolomite 
is not recognized in the beach rock whilst ankerite and siderite occur in low percentages with 
maximum of 0.6% for ankerite and 1.2% for siderite. Evaporitic minerals also occur in low 
proportions with a maximum of 1.5% for gypsum, except for one sample with 22.4% 
gypsum. The clay minerals showed an identical appearance in the lower beach rock unit to 
that in the back-reef where the kaolinite is present in all the samples with maximum of 0.9% 
while illite/muscovite is present in many samples with a maximum of 9.3%. Other silicate 
minerals are highly variable with orthoclase being most common with minimums of 6.4% 
and maximums 8.9% for orthoclase. Chlorite is not present in the beach rock while quartz, 
biotite and albite occur in low proportions throughout the lower beach rock.  
On the other hand, the upper beach rock results (Table 4.20) showed a highly variable 
percentage of aragonite, ranging between 36% and 61.8%, followed by high-magnesium 
calcite, ranging between 14 and 29%, while calcite only appears in low percentages with a 
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maximum of 9.4%. This is very similar to the lower beach rock but shows an increase in 
aragonite and a slight decrease for high-Mg calcite. Dolomite is not recognized in the upper 
beach rock and ankerite and siderite are also not present. Evaporitic minerals occur in low 
proportions with maximum of 2.1% for sodium chloride and 4.1% for gypsum. The clay 
minerals showed a similar appearance to the lower beach rock with kaolinite, present in all 
the samples, with a maximum of 3.5%, whereas illite/muscovite is dominant with a minimum 
of 8.2% and maximum of 16.5%. Again, other silicate minerals have highly variable contents 
where orthoclase for example occurs with a minimum of 6.3% and maximum of 11.5%. 
Chlorite is not present in the upper beach rock while quartz and albite only occur in one 
sample with low proportions.  
Table 4.20. Mineral percentages in the lower and upper beach rock units in the Rabigh area 
(maximum, minimum and average percentages for each beach rock). 
Beach rock 
Number of 
Samples 
Aragonite Calcite 
High-Mg             
Calcite 
Gypsum Ankerite Orthoclase 
Illite/ 
Muscovite 
  % 
Lower 4 17.3-53.6 4.3-12.4 19.4-48.1 0.3-22.9 0-0.6       6.4-8.9         1.1-9.3 
Average  34.2 7.7 30.8 6.5 0.2 7.7 5.7 
Upper 4 36-61.8 5-9.4 14-29 0-4.1 0       6.3-11.5        8.2-16.5 
Average  44.7 7.1 19.7 2.1 * 8.4 11.5 
 
4.5.4 Discussion for the XRD results  
The XRD results show the dominance aragonite in the southern coastal succession at 
Rabigh and Al-Qattan besides the lower part of the terrace in Duba area in north. Calcite is 
the dominant mineral in the upper part of the terrace in Duba and Yanbu areas while high-
Mg-calcite is the dominant carbonate mineral in the lower part of the terrace in the Yanbu 
area. The dominance of aragonite is due to the coral content in the southern terraces at 
Rabigh and Al-Qattan while at Yanbu area; high-Mg-calcite is dominant in the lower part as 
it is very highly cemented. Overall, the high-Mg calcite content in these terraces is due to the 
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presence of bryozoans, foraminifera and echinoids (having a mixture of aragonite, and high-
Mg- calcite skeletal structures). Aragonite is the only phase detected within the molluscs in 
the coastal succession. However, the inland succession is dominated by calcite as the main 
carbonate mineral with no major different between the upper and lower part of the terrace 
except for higher percentages of high-Mg calcite in some samples of the upper part in Rabigh 
back reef area which are associated with the high percentages of echinoderm skeletons in 
these samples that are based on high-Mg calcite. Dolomite is recognized in almost all 
samples in the coastal succession usually in a low proportion (average of 1%) with not much 
different between the upper and lower parts of the terrace or in different locations, while in 
the inland succession dolomite is also recognized in many samples but with a slightly higher 
content in the Al-Ruwais area (average of 2%) compared to the Rabigh back-reef area 
(average of 0.1%). Quartz appears in the XRD results in the coastal succession with a low 
percentage (<1 in most samples) but with slightly higher percentage in the lower reef at 
Duba, Rabigh, and Al-Qattan. Quartz also seen in the inland succession with less than 1.1% 
as the highest proportion at Rabigh back-reef area and much higher at Al-Ruwais (average of 
31.4%). 
Gypsum is present in almost all the studied coastal successions in different percentages with 
no major difference between the upper and lower parts of the reef. However, a much higher 
percentage of gypsum is present in the exposed coastal succession compared with a low 
percentage or lack of gypsum in the inland succession samples. Gypsum is mostly sub-
aquatically precipitated, formed in sea water salinas close to a permeable sediment barrier. 
The coastal terraces are washed from time to time by high waves and spray. Some of the sea 
water remains on the surface of the terraces and evaporates, causing the precipitation of 
gypsum and halite. Gypsum, anhydrite and other evaporate minerals are common precipitates 
in arid regions with saline groundwater and accumulate with aragonite, high-Mg calcite, low-
Mg calcite and dolomite (Scholle and Ulmer-Scholle, 2003). The high percentages of gypsum 
in the coastal successions in the study area (average of 6.7%) are the result of the very dry 
climate with a lot of evaporation in this system whereas in many other reef systems in the 
world the weather is not so arid, so the waves and spray (containing sulphate) onto the 
terraces is flushed out again by the rainfall, while in the study area there is not much rainfall 
which causes the much higher concentrations of gypsum. Moreover, the inland successions in 
Rabigh back-reef and Al-Ruwais areas show a normal low gypsum range (average of 1.65%) 
as no such waves or sprays occur.     
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Chapter 5 Dating results 
5.1 U/Th dating of coral 
Twenty nine Porites corals were dated using U/Th methods. Sample locations are 
given in Table 5.1 and shown diagrammatically in Fig. 3.2. 
Coral samples for dating were mainly collected from exposed cliffs using a hammer and 
chisel while some coral samples were cored using an electrical drill to collect clean, un-
weathered parts of the corals. Corals from reef top exposures were too altered to be 
considered for dating. The coral sample dating method and preparation were discussed in 
detail previously in method section 1.3.4 in chapter 1. 
The calculated open system model ages have low analytical uncertainties of ±1 ka or less 
(Table 5.1; 5.2; 5.3). These age uncertainties are probably less than the true uncertainties, as 
noted by Scholz and Mangini (2007a, b). The results show that the upper parts of the terrace 
over the whole study area give a range of ages between 119 to 125 ka and a pooled mean age 
of 121.1±0.2 ka (calculated following Murray-Wallace and Woodroffe, 2014), which 
indicates MIS 5e. At Al-Qattan and Duba the lower parts of the same terraces give ages 
between 119 to 125 ka. In contrast, the ages for the lower parts of the terraces at Haql, Yanbu 
and Rabigh range between 42 to 118 ka. Clearly these younger ages contravene the law of 
superposition, and are not within uncertainties of the upper level ages. These samples all 
contain high uranium contents and low 
230
Th/
238
U indicating probable diagenetic addition of 
uranium. They have, therefore, been eliminated from the pooled mean age calculations. In 
addition the uppermost age at Al-Qattan has been disregarded since it equates to a time when 
sea level was at least 10 m below present sea level. Pooled mean ages at each site all along 
the Saudi coast show a restricted range from 119.9±0.5 to 122.0±0.2 ka, lying within the last 
interglacial maximum (MIS 5e at 128-116 ka) when sea level was about 6 m above present 
sea level (Murray-Wallace and Woodroffe, 2014). 
Open-system model ages for these samples were calculated by using Thompson et al.’s 
(2003) model since open-system model ages provide a realistic estimate of the true age for a 
sample when the initial 
234
U/
238
U is elevated above the seawater value of 1.1455 ± 0.0023 
(Cheng et al., 2000) or 1.1468 ± 0.0001 (Andersen et al., 2010). Frank et al. (2006) found 
that the Thompson et al. (2003) and Villemant and Feuillet (2003) open system model ages 
gave essentially the same results (within uncertainty) provided the amount of post-
depositional alteration is small. Since these conditions are met for many of the samples in this 
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study the Thompson et al. method was adopted here. However, as pointed out by Stirling and 
Andersen (2009) the techniques and constants used in U-series dating need to be improved to 
increase the accuracy of age determinations. In addition the quoted errors probably represent 
minimum errors based on the analytical method alone. 
Providing a comparison of the Thompson et al. (2003) calculated ages with ages and errors 
derived from the Villemant and Feuillet (2003) method and the Scholz and Mangini (2007) 
isochron methods would be useful to identify unaltered corals and base the conclusions on 
these data. However, that will need multi-dates per coral specimen while for this thesis only 
one date was determined per coral specimen and therefore isochron analyses cannot be 
produced. 
 
Fig. 5.1. Chart showing the U/Th dating results for coral samples in relation to height for: a) Haql and 
b) all other sites.   
 
Fig. 5.2. 
234
U/
238
U vs. 
230
Th/
238
U plotted in relation to the seawater evolution curve. The dashed line 
represents the sea water evolution curve. 
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Table 5.1. U/Th dating results for coral samples. The pooled mean ages and uncertainties were 
calculated using formulae in Murray-Wallace and Woodroffe (2014, pp. 152-153) and exclude 
all dates in italics based on the law of superposition, high uranium contents, high 
234
U/
238
U, low 
230
Th/
238
U and their 2-sigma analytical uncertainties. 
 
Area 
 
Latitude 
 
 
 
Longitude 
Lab number 
Height 
above sea 
level (m) 
 T
e
rr
a
c
e 
A
r
a
g
o
n
it
e
  
(%
) 
Open-
system 
model age 
(ka) 
±2σ 
Haql  Pooled mean    119.9 0.5 
   N  29 11.450   E 034 54.037 FL01-38 H3 16.0 L 98.6 108.8 0.5 
N 29 09.674 E 034 53.578 FL01-39 H6 16.1 L 98.8 120.8 0.8 
N 29 11.450 E 034 54.037 FL01-37 H2 18.0 U 98.3 118.5 0.9 
N 29 11.450 E 034 54.037 FL01-36 H1 19.2 U 98.4 120.2 0.9 
Duba  Pooled mean    121.3 0.3 
N 27 15.377 E 035 46.882 WZ05_11 DA5 0.8 L 98.6 119.1 0.7 
N 27 15.378 E 035 46.883 WZ05_12 DA6 0.9 L 99.0 121.6 0.7 
N 27 15.348 E 035 46.907 WZ05_13 DB7 2.15 U 98.3 121.5 0.8 
N 27 15.378 E 035 46.883 WZ05_14 DA19 3.0 U 99.3 122.5 0.6 
Yanbu  Pooled mean    121.7 0.4 
N 24 16.910
  
E 037 30.568 WZ05_01 YA1 0.5 L 99.1 42.3 0.5 
N 24 16.752 E 037 30.763 WZ05_02 YG2 0.7 L 98.8 52.6 0.6 
N 24 21.947 E 037 25.969 FL01-27 Y3 1.6 U 97.0 131.7 1.1 
N 24 16.842 E 037 30.627 WZ05_03 YC5 2.0 U 98.0 112.7 0.7 
N 24 16.883 E 037 30.600 WZ05_04 YB4 2.05 U 99.0 125.3 0.6 
Rabigh  Pooled mean    122.0 0.2 
N 22 48.277 E 038 56.422 WZ05_07 3.1.4 0.5 L 99.3 77.6 0.7 
N 22 47.118 E 038 57.463 
 
WZ05_08 KC1 0.8 L 99.4 89.3 0.6 
N 22 49.557 E 038 55.755 FL01-33 R10 0.9 L 98.6 75.0 0.5 
N 22 48.071 E 038 56.901 FL01-31 R8 1.0 L 98.4 117.8 0.9 
N 22 47.201 E 038 57.300 B21 #21 1.1.7 1.0 L 98.6 71.6 0.1 
N 22 48.467 E 038 55.697 WZ05_09 KB6 1.7 U 98.9 125.2 0.9 
N 22 48.119 E 038 55.698 WZ05_10 KB7 1.8 U 99.1 124.2 0.9 
N 22 47.884 E 038 57.032 FL01-35 RB8 20 U 98.7 115.1 0.7 
N 22 47.884 E 038 57.032 FL01-34 RB6 2.3 U 97.6 125.5 0.9 
N 22 49.557 E 038 55.755 FL01-32 R9 2.5 U 98.5 122.9 0.7 
N 22 47.200 E 038 57.300 B22 #22 1.2.5 2.95 U 98.0 122.8 0.3 
N 2247.109 E 038 57.471 FL01-30 R2 4.0 U 99.0 114.6 1.0 
Al-Qattan  Pooled mean    121.7 0.5 
N 20 50.542 E 039 24.487 WZ05_05 QE1 0.6 L 98.9 125.3 0.9 
N 20 50.543 E 039 24.488 WZ05_06 QE3 1.0 L 99.0 120.4 0.8 
N 20 50.393 E 039 24.637 FL01-28 Q17 1.2 L 98.9 120.6 0.7 
N 20 49.773 E 039 25.146 FL01-29 Q19 3.0 U 97.8 107.0 0.7 
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Table 5.2. U/Th dating results for coral samples from the Haql, Duba and Yanbu areas. 
 
Sample 
Name 
U 
(ppm) 
±2 
232Th 
(ppb) 
±2 
(230Th/ 
232Th) 
±2 
(234U/ 
238U) 
±2 (
230Th/238U) ±2 
Uncorr. 
Age (ka) 
±2 
corr. 
Age 
(ka) 
±2 
corr. 
Initial 
(234U/ 
238U) 
±2 
Open-
system 
model 
age (ka) 
±2 
H3 2.8203 0.001 0.19 0.002 33400 427 0.736 0.0015 1.1164 0.0006 114.24 0.43 114.23 0.43 1.1607 0.0008 108.8 0.5 
H6 2.6489 0.0016 6.19 0.009 1008 3 0.7761 0.002 1.1126 0.0009 126.42 0.62 126.36 0.62 1.161 0.0012 120.8 0.8 
H2 3.3418 0.0017 0.58 0.004 13133 95 0.7451 0.0016 1.106 0.0011 118.93 0.5 118.93 0.5 1.1482 0.0014 118.5 0.9 
H1 2.2006 0.0009 0.14 0.002 36760 615 0.747 0.0018 1.1043 0.0011 119.83 0.56 119.83 0.56 1.1463 0.0014 120.2 0.9 
DA5 2.5672 0.001 0.03 0.001 208020 4939 1.1236 0.0008 0.8042 0.0011 132.5 0.4 132.5 0.4 1.1797 0.0011 119.1 0.7 
DA6 2.4328 0.0013 0.316 0.001 18174 55 1.1119 0.0009 0.777 0.001 127 0.4 127 0.4 1.1602 0.0012 121.6 0.7 
DB7 2.3458 0.001 0.414 0.001 13689 42 1.1182 0.001 0.7966 0.0013 131.5 0.5 131.5 0.5 1.1713 0.0013 121.5 0.8 
DA19 2.5705 0.0012 0.185 0.001 32828 163 1.1107 0.0007 0.777 0.0012 127.3 0.4 127.3 0.4 1.1587 0.001 122.5 0.6 
YA1 3.757 0.002 0.233 0.042 17858 3225 1.1302 0.0011 0.3642 0.0006 42.13 0.09 42.13 0.09 1.1467 0.0012 42.3 0.5 
YG2 3.6411 0.0018 0.466 0.02 10085 436 1.1244 0.0012 0.4254 0.0006 51.4 0.1 51.4 0.1 1.1438 0.0013 52.6 0.6 
Y3 2.5515 0.0008 5.45 0.007 1160 3 0.8168 0.002 1.1119 0.0011 139.5 0.75 139.45 0.75 1.166 0.0016 131.7 1.1 
YC5 2.9407 0.0008 0.599 0.002 10751 35 1.1065 0.0009 0.7212 0.001 112.4 0.3 112.4 0.3 1.1463 0.0011 112.7 0.7 
YB4 2.0732 0.0012 0.596 0.001 8170 22 1.1064 0.0007 0.7747 0.0012 127.7 0.4 127.7 0.4 1.1527 0.0009 125.3 0.6 
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Table 5.3. U/Th dating results for coral samples from the Rabigh and Al-Qattan areas. 
Sample 
Name 
U 
(ppm) 
±2 
232Th 
(ppb) 
±2 
(230Th/ 
232Th) 
±2 
(234U/ 
238U) 
±2 
(230Th/238
U) 
±2 
Uncorr. 
Age (ka) 
±2 
corr. 
Age 
(ka) 
±2 
corr. 
Initial 
(234U/ 
238U) 
±2 
Open- 
System 
Model 
age (ka) 
±2
 
3.1.4 3.9576 0.0025 1.889 0.003 3925 9 1.1305 0.0011 0.6174 0.0011 84.6 0.3 84.6 0.3 1.1657 0.0014 77.6 0.7 
KC1 2.9107 0.0018 0.39 0.003 14879 114 1.1223 0.0009 0.6572 0.001 94.2 0.3 94.2 0.3 1.1595 0.0012 89.3 0.6 
R10 3.4544 0.0017 0.24 0.004 25334 397 0.5775 0.0013 1.1235 0.0009 77.39 0.27 77.39 0.27 1.1537 0.001 75 0.5 
R8 3.3504 0.0015 1.57 0.005 4940 20 0.7609 0.0021 1.1119 0.001 122.13 0.66 122.12 0.66 1.158 0.0013 117.8 0.9 
1.1.7 3.6412 0.0023 2.49 0.003 2505 5 0.5651 0.0008 1.1263 0.0007 74.84 0.18 74.83 0.18 1.1566 0.0009 71.6 0.2 
R9 2.5952 0.0016 0.19 0.004 32231 615 0.7911 0.0015 1.1146 0.0008 130.5 0.52 130.5 0.52 1.1657 0.0011 122.9 0.7 
KB6 2.6864 0.0016 0.025 0.001 251306 6327 1.1091 0.0011 0.7826 0.0013 129.4 0.5 129.4 0.5 1.1573 0.0015 125.2 0.9 
KB7 2.0478 0.0009 0.022 0 220994 3134 1.1139 0.001 0.7937 0.0012 131.7 0.4 131.7 0.4 1.1652 0.0014 124.2 0.9 
1.2.5 4.08 0.0028 0.27 0.001 36696 169 0.8023 0.0012 1.1187 0.0009 133.15 0.48 133.15 0.48 1.1729 0.0013 122.80 0.4 
R2 3.6665 0.0014 3.11 0.006 2784 8 0.7779 0.0018 1.1214 0.0011 124.9 0.6 124.87 0.6 1.1727 0.0015 114.6 1 
RB8 3.2614 0.0019 0.2 0.004 37351 762 0.7506 0.0016 1.1123 0.0008 119.11 0.47 119.11 0.47 1.1571 0.001 115.1 0.7 
RB6 2.8217 0.0011 0.66 0.003 10331 54 0.7957 0.0016 1.1128 0.0009 132.4 0.57 132.39 0.57 1.1639 0.0013 125.5 0.9 
QE1 2.221 0.0016 1.059 0.001 5026.7 9.3 1.1111 0.0011 0.7897 0.0012 131.1 0.5 131.1 0.5 1.161 0.0014 125.3 0.9 
QE3 3.8761 0.0025 0.179 0.001 54237 409 1.1281 0.001 0.8241 0.001 137.6 0.4 137.6 0.4 1.189 0.0014 120.4 0.8 
Q17 2.6041 0.0009 1.55 0.004 3976 12 0.7777 0.0016 1.1134 0.0008 126.71 0.5 126.7 0.5 1.1621 0.001 120.6 0.7 
Q19 2.923 0.0012 0.26 0.004 25273 422 0.7345 0.0021 1.1186 0.0009 113.42 0.57 113.41 0.57 1.1633 0.0011 107 0.7 
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5.2 U/Th dating of Tridacna shells 
While the Porites corals were dated from the outer parts of the coral reef terraces, the 
back-reef portions of the same reef system did not have suitable corals to date. So, uranium 
series dating of three large Tridacna shells was attempted to date these successions (Figs 5.3 
to 5.5).  
 
 
Fig. 5.3. Analysed spots on sample Y1 from Yanbu area: (a) transect 1 and (b) transect 2. Labels 
show spot number in bold and closed-system age in italics (in ka). Field of view is 29 mm across. 
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Fig. 5.4. Analysed spots on sample RB2 from Rabigh area: Labels show spot number in bold and 
closed-system age in italics (in ka). Field of view is 28 mm across. 
 
 
 
Fig. 5.5. Analysed spots on sample RB4 from Rabigh area: (a) transect 1 and (b) transect 2. Labels 
show spot number in bold and closed-system age in italics (in ka). Field of view is 40 mm across. 
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Table. 5.4. U-series isotope data for sample Y1. 
234
U/
238
U are calculated initial activity ratios. 
 
Transect # Spot # U (ppm) Th (ppb) (
230
Th/
232
Th) (
230
Th/
238
U)  (
234
U/
238
U) 
230
Th age (ka)  (
234
U/
238
U)0 
1 34 0.82 0.15 13,205 0.814 0.022 1.196 0.011 119 6 1.274 0.014 
1 33 0.85 0.24 7,998 0.754 0.019 1.195 0.010 104 5 1.262 0.013 
1 32 - - - - - - - - - - - 
1 31 0.52 0.76 1,366 0.653 0.025 1.130 0.013 92 6 1.169 0.016 
1 30 0.42 0.22 3,731 0.629 0.023 1.175 0.018 81 5 1.220 0.021 
2 12 0.10 <dl - 0.536 0.072 1.097 0.050 - - - - 
2 13 0.48 <dl - 0.672 0.033 1.136 0.013 95 7 1.178 0.016 
2 14 0.04 <dl - 0.440 0.100 1.047 0.051 - - - - 
2 15 0.02 <dl - 0.206 0.189 0.954 0.067 - - - - 
2 16 0.39 <dl - 0.658 0.029 1.156 0.017 89 6 1.201 0.021 
2 17 0.21 <dl - 0.662 0.036 1.171 0.023 89 7 1.219 0.029 
2 18 0.63 <dl - 0.697 0.049 1.132 0.053 102 16 1.170 0.067 
2 19 0.87 <dl - 0.703 0.034 1.148 0.038 100 10 1.197 0.050 
2 20 0.93 <dl - 0.744 0.024 1.183 0.010 104 6 1.246 0.013 
2 21 0.95 <dl - 0.732 0.020 1.200 0.010 99 5 1.265 0.012 
2 22 0.98 <dl - 0.755 0.019 1.216 0.010 101 4 1.288 0.012 
2 23 1.19 <dl - 0.755 0.019 1.207 0.009 103 4 1.278 0.011 
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Table. 5.5. U-series isotope data for sample RB2. 
234
U/
238
U are calculated initial activity ratios. 
         Transect # Spot # U (ppm) Th (ppb) (
230
Th/
232
Th) (
230
Th/
238
U)  (
234
U/
238
U) 
230
Th age (ka)  (
234
U/
238
U)0 
1 1 0.46 1.80 1,309 1.693 0.040 1.565 0.016 - - - - 
1 2 0.38 <dl - 1.516 0.045 1.409 0.022 - - - - 
1 3 0.44 <dl - 1.446 0.030 1.386 0.018 - - - - 
1 4 0.45 0.09 24,073 1.564 0.036 1.440 0.016 - - - - 
1 5 0.37 <dl - 1.507 0.047 1.416 0.018 - - - - 
1 6 0.16 0.01 59,483 1.218 0.061 1.198 0.031 - - - - 
1 7 0.06 <dl - 1.032 0.103 0.966 0.046 - - - - 
1 8 0.20 0.08 10,576 1.340 0.055 1.238 0.027 - - - - 
1 9 0.17 0.32 1,961 1.225 0.050 1.236 0.032 - - - - 
1 10 0.10 0.35 917 1.083 0.077 1.152 0.033 - - - - 
1 11 0.31 0.57 2,199 1.323 0.043 1.351 0.017 - - - - 
1 12 0.12 0.06 7,840 1.193 0.072 1.183 0.038 - - - - 
1 13 0.18 <dl - 1.205 0.058 1.167 0.031 - - - - 
1 14 0.24 <dl - 1.115 0.040 1.213 0.020 - - - - 
1 15 0.14 0.03 15,072 1.096 0.059 1.139 0.028 - - - - 
1 16 0.12 <dl - 0.987 0.064 1.078 0.029 253 50 1.160 0.054 
1 17 0.18 0.10 6,056 1.047 0.061 1.231 0.026 - - - - 
1 18 0.11 <dl - 0.976 0.084 1.149 0.047 194 63 1.250 0.072 
1 19 0.23 0.03 26,353 1.092 0.046 1.181 0.021 - - - - 
1 20 0.64 0.02 93,118 0.905 0.021 1.013 0.011 240 25 1.026 0.023 
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Table. 5.6. U-series isotope data for sample RB4. 
234
U/
238
U are calculated initial activity ratios. 
         Transect # Spot # U (ppm) Th (ppb) (
230
Th/
232
Th) (
230
Th/
238
U)  (
234
U/
238
U) 
230
Th age (ka)  (
234
U/
238
U)0 
1 28 1.39 0.12 40,248 1.120 0.020 1.157 0.010 - - - - 
1 27 1.31 0.17 22,505 0.955 0.017 1.109 0.008 200 12 1.192 0.014 
1 26 1.83 <dl - 1.093 0.017 1.196 0.006 - - - - 
1 25 2.18 <dl - 1.154 0.018 1.223 0.006 - - - - 
2 24 1.27 <dl - 0.937 0.061 1.083 0.052 211 69 1.150 0.086 
2 25 0.06 <dl - 0.866 2.109 0.990 0.220 - - - - 
2 26 1.61 <dl - 1.115 0.050 1.175 0.039 - - - - 
2 27 1.00 <dl - 0.981 0.053 1.074 0.041 255 87 1.150 0.068 
2 28 0.28 <dl - 0.931 0.081 1.049 0.054 237 120 1.090 0.096 
2 29 0.38 <dl - 0.939 0.062 1.074 0.047 219 77 1.130 0.072 
2 30 0.53 <dl - 0.947 0.055 1.120 0.044 191 40 1.210 0.063 
2 31 1.29 <dl - 1.012 0.051 1.109 0.042 - - - - 
2 32 1.48 <dl - 1.039 0.020 1.149 0.006 - - - - 
2 33 1.59 <dl - 0.946 0.044 1.096 0.036 203 41 1.170 0.056 
2 34 1.60 <dl - 1.106 0.051 1.163 0.039 - - - - 
2 35 2.52 <dl - 1.159 0.052 1.198 0.039 - - - - 
2 36 3.16 <dl - 1.135 0.043 1.206 0.033 - - - - 
2 37 2.60 <dl - 1.355 0.059 1.299 0.042 - - - - 
2 38 2.75 <dl - 1.381 0.051 1.331 0.036 - - - - 
2 39 3.16 <dl - 1.344 0.066 1.288 0.048 - - - - 
2 40 2.75 <dl - 1.164 0.034 1.078 0.021 - - - - 
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U/Th dating of mollusc shells is well known to be challenging, because uranium isotopes can 
migrate into or out of the shell after the death of the mollusc (Kaufman et al., 1971; Szabo 
and Rosholt, 1969). This is illustrated by 
234
U/
238
U activity ratios in fossil shells being greater 
than the accepted value for oceanic waters of 1.1455±0.0023 (Cheng et al., 2000). Compared 
to previous works where relatively large aliquots of shells were analysed, the use of laser 
ablation allowed the collection of a larger number of data over a sub-mm scale (Eggins, 
2003). In our sample set, spot analysis was performed across Tridacna shells. Most analyses 
show calculated initial 
234
U/
238
U activity ratios significantly greater than 1.1455, suggesting 
that closed-system ages will be unreliable. One exception is sample Y1 from Yanbu where 
four spot analyses yielded initial 
234
U/
238
U within error of the seawater value and 
230
Th 
closed-system ages of 92 ± 6, 95 ± 7, 102 ± 16 and 100 ± 10 ka (Table 5.4, Fig. 5.3). All 
other spot analyses, while displaying greater initial 
234
U/
238
U values, show a pooled mean age 
for this sample of 99±2 ka (Table 5.4). Thus, the Tridacna from Yanbu may have grown 
about 100 ka ago during MIS 5c. However sea level at this time was probably 15-20 m below 
present sea level (Chappell and Shackleton, 1986; Schellmann and Radtke, 2004) which 
could imply either uplift or a systematic loss of age across the Tridacna shell.  
Samples from the Rabigh area were more challenging. In RB2, most analyses yielded 
230
Th/
238
U >1 such that closed-system ages could not be calculated. Three spots yielded ages, 
with only one displaying a 
234
U/
238
U within error of the seawater value and yielding an age of 
253 ± 90 ka. In RB4, about half the analyses yielded 
230
Th/
238
U >1. One spot had a U 
concentration too low for isotopic measurements to be undertaken. Seven spots yielded 
closed-system ages. Out of those, only four had 
234
U/
238
U within error of the seawater value, 
yielding 
230
Th closed-system ages of 211 ± 69, 255 ± 87, 219 ± 77 and 203 ± 41 ka. Note that 
the large errors are the result of a combination of low U concentrations and old ages. Thus, 
Rabigh Tridacna are probably between 200 and 250 ka old, suggesting a possible MIS 7 or 
even a diagenetically reset MIS 9 age (Table 5.5). 
The aragonite content in dated Tridacna samples could also be a factor in the given result. 
Yanbu sample (Y1) is low in calcite (99%Ar) which makes it reliable for dating even where it 
gave older or younger dates, while the Rabigh samples (RB2-RB4) have higher diagenetic 
calcite contents (72-73%Ar) which make their age questionable. However, the dating results 
for sample Y1 could still be affected by aragonite diagenesis. Even with the cleaning and 
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polishing of the sample to remove any additional material, misleading dates could be related 
to an artificial decrease in age caused by late precipitation of diagenetic aragonite cement. 
5.3 TL dating of sediment 
Three sediment cores were dated using thermoluminescence. The sediment samples 
were collected from the upper and lower parts of a 4 m high terrace in the Al-Ruwais area, 3 
km inland in Jeddah, and were dated in the University of Wollongong thermoluminescence 
laboratory.  
The results from the two core samples (C1 and C2) from the lower carbonate portion of the 
terrace in the Al-Ruwais area gave TL ages of 93±13 ka for C1 (3.35 m apsl) and 71±12 ka 
for C2 (4.25 m apsl). The overlying fluvial sediment, sample C3 at 5.3 m apsl gave a TL age 
of 66±13 ka (Table 5.7). 
 
Table. 5.7. TL dating results for the sediment samples in the Al-Ruwais area. 
Specimen No. C1 C2 C3 
Height (apsl) 3.35 4.25 5.3 
Plateau region (˚C) 325-500 325-500 325-500 
Analysis temperature (˚C) 375 375 375 
Palaeodose (Grays) 87 .3 ± 11.8 101 ± 16 82.9 ± 16.1 
K content (% by AES) 0.208 ± 0.005 0.625 ± 0.005 0.855 ± 0.05 
Rb content (ppm by XRF) 
 
6 ± 2 17 ± 2 18 ± 2 
Moisture content (% by weight) 
 
3.0 ± 3 3.8 ± 3 3.4 ± 3 
Specific activity (Bq/kg U+Th) 
 
30.4 ± 0.9 31.0 ± 0.9 9.5 ± 0.3 
Cosmic contribution (µGy/yr assumed) 
 
120 ± 25 160 ± 25 180 ± 25 
Annual radiation dose (µGy/yr) 
 
936 ± 28 1414 ± 28 1251 ± 57 
TL age (ka) 93.3 ± 12.9 71.3 ± 11.6 66.3 ± 13.2 
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5.4 Radiocarbon dating of beach rock  
The carbon-14 (
14
C) dating is a method that relies on the radioisotope carbon-14 that 
occurs naturally, and is used to estimate the age of organic materials and remains up to the 
age of about 40-50 ka from geological and archaeological sites. 
Six samples were chosen for radiocarbon dating from the beach rock in the Rabigh area with 
most suitable material (coral and mollusc) determined from XRD and thin section analyses. 
The conventional radiocarbon ages have all been corrected for total fractionation effects and 
where applicable, calibration was performed using the Reimer et al. (2013) calibration 
databases. 
The results of 
14
C analysis of beach rock samples from the Rabigh area (Table 5.8) showed 
numerical ages well within the 
14
C age limit of 40-50 ka in all the samples. A 
14
C reservoir 
age of 440 ± 40 yr in the Red Sea (Siani et al., 2000) was used to determine the conventional 
radiocarbon ages. 
 
Table. 5.8. Samples details and results of radiocarbon dating. The conventional radiocarbon age 
represents the measured radiocarbon age corrected for isotopic fractionation, calculated using 
the delta 
13
C.  
Sample Material 
Measured 
Radiocarbon Age 
δ
13
C 
Conventional 
Radiocarbon Age 
1BR1.4 Coral 3740 ± 30 BP +3.0 ‰ 4200 ± 30 BP 
1BR1.3 Carbonate 2180 ± 30 BP +2.8 ‰ 2640 ± 30 BP 
7BRD2 Carbonate 2120 ± 30 BP +1.0 ‰ 2550 ± 30 BP 
1BR2.2 Shell 1940 ± 30 BP +2.0 ‰ 2380 ± 30 BP 
7BRU1 Carbonate 2050 ± 30 BP +1.9 ‰ 2490 ± 30 BP 
 1.1.13 
 
Shell 2360 ± 40 BP +3.1 ‰ 2800 ± 40 BP 
 
 
The results show that the beach rock is probably mid to late Holocene, and is not 
considered to be part of the reef structure. It is formed easily in such arid environments, in 
just a matter of years, and so is not an ancient feature. The higher beach rock deposition is 
reflective of the mid-Holocene high stand of sea level (up to 1 m high) about 1000-3000 
years ago (Siddall et al., 2003), and is regarded as a feature of the mid-Holocene 
transgression rather than the Late Pleistocene reef structure. Material in the beach rock is 
probably a combination of Holocene reef top detritus and about 10% reworked coral reef 
terrace material.  
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Chapter 6 Discussion  
Based on the previous chapters and results obtained, this chapter will focus on 
environmental parameters and age control for the sequences. This approach will assist in 
determining the most likely succession of events and sequences along the Saudi Red Sea 
coast. 
6.1 Environmental parameters and morphology of the successions along 
the Saudi Red Sea coast 
6.1.1 Exposed coastal successions 
6.1.1.1 Lower Reef 
The section defined as the lower reef only occurs along the coastal exposures where 
the lower parts of the terraces show alteration and secondary cementation that can be used to 
subdivide the terrace. This subdivision appears in all locations at Duba and Yanbu and at 
some locations around Rabigh (R1, R2, R3, R4, and R5) and Al-Qattan (Q1, Q2, Q8, Q9, and 
Q10). In contrast all locations at Haql and some locations at Rabigh (R2b) and Al-Qattan 
(Q3, Q4, Q5, Q6 and Q7) show the terrace as one succession with no alteration. Thus the 
lower reef is a diagenetic overprint on a single reef succession in exposed coastal locations. 
This explains the distribution of the lower reef in the coastal areas and locations where it 
stands at the shoreline exposed to wave action. In contrast terrace locations that are about 15 
to 42 m from the shoreline can be described as a single unit with no differentiation between 
the upper and lower parts. 
The lower part of the reef that is exposed to wave action occurs almost at the same elevation 
between sea level and 1.5 m. It is more cemented than the upper reef and has a darker color in 
many areas. Bivalve and gastropod shells (Table. 6.1) were observed in all locations in 
reasonable amounts while coral cover is much less compared with the upper part of the reef. 
Petrography and XRD results show the dominance of corals and other aragonite secreting 
organisms during the construction of the lower part of the reef (Appendix 1-A, 2-A). The 
average 26.4% high-Mg calcite content is due to the presence of bryozoans, foraminifera and 
echinoids (having a mixture of aragonite and high-Mg- calcite skeletal structures). 
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Within the micritic matrix shell fragments, quartz grains and heavy minerals are embedded. 
The presence of detrital grains of quartz and heavy minerals in the lower part of the reef 
indicates a minor supply of terrigenous materials. Such materials would have been sourced 
from the Tertiary mountains located to the east of the study area, and are common in the 
coastal plain due to both surface water run-off and aeolian transportation. 
The lower part of the reef shows more cementation and diagenesis than the upper part of the 
reef. Thin sections from the lower part of the reef show some leaching of aragonite 
accompanied by calcite replacement and low porosity (Appendix A-1). Rapid aragonite 
cementation is characteristic of the lower part of the coastal reefs, and is similar to that 
observed in a variety of other carbonate depositional environments including the Great 
Barrier Reef (Marshall and Davies, 1981; Marshall, 1983), the Red Sea (Friedman et al., 
1974) and Barbados (Macintyre et al., 1968). Calcite cement is also present and is distributed 
equally around many grains leaving an average porosity of 11.2%. The calcite features are 
typical of a fresh water phreatic environment as mentioned by Meyers (1978). The combined 
aragonite and calcite cementation reduces the porosity in the lower part of the reef but the 
carbonate cement does not fill all the pore spaces and sometimes it replaces the framework 
grains. Molluscan shell fragments suggest limited recrystallization whereas the precipitation 
of equant blocky calcite crystals shows diagenesis under a meteoric vadose sub-environment. 
Also, the succession in the Haql area in the north shows much less diagenesis compared to all 
other studied areas. That could be a result of the uplift in Haql area whereas in all other areas 
the stability of the coast during the last 125000 years resulted in more diageneses in these 
flat-lying coral terraces. The terraces in the stable areas were also affected by the Holocene 
sea level high stand which resulted in diagenesis and cementation in the lower part of the 
terrace. 
As mentioned by Pandolfi and Jackson (2001; 2007), the abundance of a taxa in a fossil reef 
deposit reflects the abundance of this taxa during the reef growth. The occurrence of Galaxea 
fascicularis corals in the lower reef indicate a shallow water environment as this coral is 
restricted to these environments and tends to be found in sheltered areas (Lieske & Myers, 
2004). Also, the appearance of Galaxea fascicularis and the scarceness of Acropora along this 
terrace indicate it is part of a reef flat environment (Head, 1987; Orme, 1977), which is 
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supported by the dominance of coralline algae, other corals and molluscs. However, the 
appearance of coral species such as Fungia and Faviidae in some locations at Rabigh and Al-
Qattan areas could indicate an outer reef flat – a zone with a combination of the fore-reef and 
lagoon environments containing wave-breaking algal structures (Flügel, 1978). 
As mentioned before, the lower part of the reef in the coastal outcrops shows strong 
cementation up to 1 m above present sea level which occurred during the Holocene high 
stand sea level. This cementation extends into these reefs but with no indication how far, 
except at R2b in the Rabigh area where cementation does not appear 100-160 m from the 
exposed coastal portion of the reef (Fig 3.35). The height of the aragonite cementation gives 
an indication that the Holocene high stand sea level in this area was about 1-1.4 m above 
present sea level. 
In some locations, for example sites R3 and R4, the lower part of the reef may represent a 
sheltered reef facies since it contains few reef corals and is dominated by coralline algae 
which suggests that this sequence is not a reef front deposit. This indicates that the reef front 
must be farther seaward and the sequence could represent a stabilisation phase before the reef 
really became established. 
6.1.1.2 Upper Reef  
Along the Red Sea coast the upper part of the reef is exposed at most of the study 
locations (Al-Qattan, Rabigh, Yanbu and D1, D3 in Duba) where the preserved upper reef 
thickness ranges between 1.9-3 m with the top at an elevation of 3-3.5 m above present sea 
level. The reef rises to 4.5-5.5 m above present sea level farther inland forming an extensive 
flat-topped terrace. In contrast, in the northwestern part of Saudi Arabia at Haql and location 
D2 at Duba the reef thickness ranges between 5-7 m with the top at an elevation of 17-25 m 
and 12 m above present sea level, respectively. The upper terrace generally is not well 
cemented and is characterised by a dominance of several genera of corals together with 
coralline algae (Table. 6.1). The clastic sediment content is greater in some locations where 
the terraces are cut and separated by some ancient valleys, such as Sharm Al-Kharrar to the 
north of location R3 and Sharm Rabigh to the south of location R5 in the Rabigh area. This 
has created a restricted variety and coverage of coral in these areas too, consistent with the 
lower part of the reef. 
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The coral framework in the upper part of the reef contains common coralline algae growth 
with sediment accumulating in between these reefs. Petrography and XRD results show an 
increase in the percentages of coral in the upper reef (average 26.8%). However, the 
aragonite percentage in the sediment has decreased, especially in the Duba and Al-Qattan 
areas (Appendix 1-B, 2-B). Decreased aragonite in the upper reef relates to restricted 
dissolution by fresh water following infrequent rainfall events, and the precipitation of calcite 
lower in the reefs which is consistent with the findings by both Behairy (1980) and Dullo and 
Jado (1984). 
Most of the samples show some meteoric diagenesis. Within the meteoric environment, the 
aragonite elements, skeletal grains and cements are found to selectively dissolve, and then re-
precipitate as sparry calcite mosaics. Such mosaics are made up of equant low-Mg calcite 
crystals that line or fill the pores and, therefore, replace the aragonite skeleton grains (Tucker 
and Wright, 1990). The distribution of sparry calcite mosaic is blocky, granular and bladed in 
the thin sections; however, the precipitation was probably sourced from the phreatic sub-
environments in the meteoric vadose zone (Beier, 1985). 
Less than 4% of silicate minerals are found in upper part of the reef (Appendix. 2-B). These 
detrital minerals would have been moved from the Tertiary outcrops in the arid climate to the 
depositional site as a response to mechanical weathering conditions, flash floods or wind 
action. In the field the upper part of the reef is extremely friable (Figs 3.13, 3.39, 3.40) and 
this is probably a reflection of its diagenetic history involving minimal marine cementation 
such as acicular fringe carbonate cement.  
The coral framework in the upper part of the reef indicates the environment during and after 
the formation of this reef. For example, the plates of Porites coral (Fig. 3.34c) are not filled 
by cementation. This is due to a lack of water moving through the system since deposition, 
both because of limited rain in the area and because the coral reef succession was emergent 
and above sea level. Also the coralline algae have grown to a height of 2 m in the upper reef 
(Figs. 3.35d, 3.39b) which indicates a low energy environment during the formation of this 
reef. That is different from more exposed reefs in other parts of the world which are subject 
to the effects of open-ocean circulation and more intense wave action. For example, in the 
Caribbean reef the seaward edge of the reef crest takes the brunt of the incoming wave energy 
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where water is washed across the reef crest and into the lagoon, driving lagoonal circulation 
(Hubbard, et al., 1981) and restricting the size of the coralline algae. 
The extensive presence of Acropora coral associated with other individual coral colonies, 
particularly Porites, Galaxea fascicularis, Faviidae and Stylophora, the abundance of coralline 
algae and the high percentage of gastropods all indicate this upper part of the reef represents a 
back reef area with a relatively low energy reef system (Table. 6.1). The fore-reef that would 
have been associated with this reef must have subsequently been eroded. Also, most of the 
coral in the upper reef occurs in growth position which also indicates a low energy area. 
6.1.1.3 General coral terraces 
Generally, the exposed coastal successions occur along the Saudi coast and were 
observed in Haql, Duba, Yanbu, Rabigh and Al-Qattan area.   
Starting from the northern part, in the Haql area, the coral reef terraces observed along the 
coast range in heights between 17 -25 m above present sea level with a thickness of 7-8 m. 
The terraces cannot be divided into upper and lower layers but much of the lowest 2 m of the 
terrace was covered by scree sediment. The terraces in the Haql area are very different from 
other studied terraces; first with the obvious height but also with a different degree of 
diagenetic alteration. With no cemented lower part in these terraces it is similar to the 
exposure in the excavation area 100-160 m east of the coastal exposures at Rabigh where the 
terrace was not exposed to Holocene wave action and higher sea level. 
However, these terraces represent the same depositional episode as the more southern 
terraces in this thesis (i.e. Duba, Yanbu, Rabigh, Al-Ruwais and Al-Qattan). The present 
height of the Haql terrace shows an uplift about 15-20 m (considering the undefined erosion 
from the top of these sequences) and reflects the major uplift in the north-eastern part of the 
Red Sea in the late Quaternary period (Gvirtzman et al., 1992; Strasser et al., 1992; 
Gvirtzman, 1994; Bosworth & Taviani, 1996; Plaziat et al., 1998). 
Similar uplift is shown at location D2 in the Duba area where a fault-bounded block of the 
terrace rises to about 12 m in height with a reef thickness of about 6 m. In area S-1 (northern 
part of the location) the top 4 m consists of the coral terrace that overlies a muddy succession 
in some places. The terrace structure is similar to the one in the Haql area and represents the 
same depositional episode. 
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Farther south, and along most of the coast in the Yanbu, Rabigh and Al-Qattan areas the 
exposed terraces are 4-5 m thick but the base is usually covered or below sea level. 
The coral coverage and variety are lower in some locations compared to other locations 
within the same study area. For example; location R1 and R4 in the Rabigh area revealed a 
high coral coverage and variety, while location R3 revealed only a few corals (Tables. 3.4, 
3.5). 
Such coverage is argued to be related to the ancient valleys in the north of the area, as clastic 
sediment ran through these valleys during the rainy periods through to Sharm Al-Kharrar (Al-
Washmi, 1999). This created a higher percentage of clastic sedimentary deposits and lower 
salinity levels and, therefore, led to a decreased coral coverage. A consistent result is 
observed to the south where decreased coral diversity occurs, due to similar reasons, as 
Sharm Rabigh is approached. 
Most of the coral genera that occur in the exposed coral terraces along the Saudi Red Sea 
coast, including Acropora humilis, Porites lutea, Porites nodifera, Fungia scruposa and 
Galaxea fascicularis, are currently living in shallow water (0-25 m) environments in the 
modern Red Sea coral reef system, whereas other corals such as Favia lacuna, Platygyra 
daedalea, Stylophora pistillata and Goniastrea edwardsi extend down to shallow slope 
depths (Lieske and Myers, 2004). The associated bivalves (Anadara antiquata, Anodontia 
edentula, Trachycardium flavum, Tridacna gigas, Tucetona pectunculus), gastropods (Nerita 
albicillo, Cerithium eburneum, Turbo petholatus), sponges (Crella cyathophora, 
Callyspongia viridis, Pione cf. vastifica) and echinoids (Clypeaster humilis, Heterocentrotus 
trigonaris, Schizaster lacunosus) characterise a similar depth range (Table. 6.1). This 
supports the concept that these coral terraces ranging from 4-5.5 m apsl along the Saudi coast 
represent shallow water sequences that formed during the MIS 5e high stand of sea level that 
has been recorded globally at up to 6-9 m apsl (Hearty, 2002; Hearty et al., 2007; Rohling et 
al, 2008; O’Leary et al., 2013; Dutton et al., 2015b). Although all the dated Porites corals 
come from within the middle portions of the terrace, the whole reef facies has been 
considered when estimating the elevation of the MIS 5e sea level. 
An equivalent MIS 5e shell-rich calcareous clay in the northern part of Jeddah has been 
described by Bantan et al. (2015) at 3-5.5 m apsl. This assemblage has a restricted coral 
assemblage dominated by small branching corals but it also contains common bivalves and 
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gastropods that are common in intertidal to shallow subtidal conditions including seagrass 
beds (e.g. Anodontia edentula, Anadara antiquate, Trachycardium flavum, Strombus 
fasciatus, S. tricornis and Cypraea historio). The associated foraminiferal and ostracod 
assemblages also indicate very shallow water back-reef lagoonal conditions (e.g. Agglutinella 
robusta, Bolivina sp., Nonion fabum, Spiroloculina communis and Elphidium 
striatopunctatum). This fauna all points to a very shallow marine embayment or lagoonal 
environment with sea level not very far above a current elevation of 5.5 m. 
Apart from the lower portion of the terrace in the coastal exposures, the inland and raised 
terraces are only poorly cemented and contain relatively minor amounts of coralline algae. 
Thus they do not represent well cemented fore-reef or reef crest deposits but they probably 
represent prolific growth of corals in a sheltered broad platform environment rather than in a 
prograding reef system. This accounts for the abundance of Porites, Acropora, Fungia and 
Galaxea fascicularis forming tall and branching colonies and the occasional patches of shelly 
sand between the coral thickets. Towards the back-reef areas smaller colonies and broken 
rubble become more common overlying the sandy and muddy lagoonal successions. 
The exposed tops of the coral terraces show a remarkably uniform elevation of 4-5.5 m apsl 
across the whole terrace width with no sign of higher broken off coral debris. This suggests 
that the top of the terraces may well reflect an approximation of sea level at the time of coral 
growth since the very dry climate and high evaporation rates along the Saudi Red Sea coast 
would have severely limited any dissolution and erosion of these slightly raised terraces. Also 
if sea level had been significantly higher than the exposed terraces coral terraces or associated 
back-reef deposits should extend higher and farther inland but no such deposits have been 
recognised. 
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Table 6.1. Faunal distribution and environment in the Saudi Red Sea coast from recent studies, 
Mandurah, 2010, Khalil, 2012, Bantan and Abu-Zied, 2014, and Bantan et al, 2015. H= Haql, 
D= Duba, Y= Yanbu, R= Rabigh, RB= Rabigh Back-reef, RU= Al-Ruwais, J= Jeddah, Q= 
Qattan, F = Farasan Islands (Bantan and Abu-Zied, 2014). 
(a) 
Lieske and Myers, 2004, 
(b) 
AIMS, 
(c)
 Obura et al., 2008, 
(d) 
Sea life base, 
(e) 
Encyclopedia of Life, 
(f)
World Register of Marine 
Species. 
Species Availability Environment 
Corals 
Acropora humilis H, D, Y, R, Q Exposed outer reef flats (a) 
Acropora maryae D, Y, R, Q Protected reef slopes (a) 
Acropora pharaonis D, Y, R, Q Sheltered reef slopes 2-30 m (a) 
Cosinaraea monile Y, R, Q Lagoon and seaward reefs (a) 
Favia favus H, R, Q Reef back margins (b) 
Favia lacuna D, R Shallow exposed slopes (a) 
Favia stelligera Q Reef flats, upper lagoon and seaward slopes (a) 
Fungia puamotensis Y,  Lagoons and reef slopes (a) 
Fungia scruposa H, D, R, RB, Q Rubble of reef flats and lagoon, to 25 m (a) 
Goniastrea edwardsi D, Y,  R, Q Shallow subtidal communities 0-40 m (b) 
Lobophyllia corymbosa Y,  Lagoon and sheltered reef slopes (a) 
Oxypora convoluta Y,  Protected reef slopes (a) 
Platygyra daedalea R, Y, Q Reef flats, back-reefs and slopes to 30m (a) 
Porites lutea H, D, Y, R, RU,  Q Reef flats and lagoon (a) 
Porites nodifera H, D, Y, R, RB, Q Shallow bays and seaward to 18 m (a) 
Stylophora pistillata R, Q Reef flat and lagoons to 80 m (a) 
Galaxea fascicularis D, Y, R, RB,  Q 
3-25 m in areas of the reef that are protected from strong 
waves (d) 
Bivalves 
Anadara antiquata H, R, J, Q, F 0 - 25 m(d) 
Anodontia edentula R, RB, J 0 - 20 m (d) 
Barbatia barbata R, J, Q 0 - 200 m (d,e) 
Antigona reticulata H, R, Q, F 0-12+ m(d) 
Trachycardium flavum H, Y, R, RB, J, Q, F 0 - 25 m (d) 
Tridacna gigas H, D, Y, R, J, Q, F 0-35 m (d) 
Tucetona pectunculus R, J, Q, F 0 - 20 m (d) 
Gastropods 
Cerithium eburneum R, J, Q 0 - 18 m (d) 
Chicoreus virgineus R, J, Q, F Shallow protected area and lagoons (a) 
Conus sp D, R, RB, Q, F Shallow environment (d) 
Cypraea historio R, J, Q Shallow environment, reefs (d) 
Cypraea staphylaea R, Q Shallow environment (d) 
Nerita albicillo H, R, RB Intertidal – 4 m (e) 
Strombus fasciatus R, J, Q Shallow environment, sea grass (d) 
S. tricornis R, J, Q, F Shallow environment, sea grass (d) 
Turbo petholatus R, Q Shallow lagoons and fore slopes to 10 m (a) 
Sponges 
Crella cyathophora H, R, Q To at least 20 m (a) 
Callyspongia viridis H, R, Q Shallow coral to about 22m (a) 
Pione cf. vastifica R Shallow reef to 20 m (a) 
Siphonochalina siphonella D, R, Q Lagoons and reef slopes , 2-35 m (a) 
Echinoids 
Clypeaster humilis R, RB, J, Q 0– 216 m (f) 
Heterocentrotus trigonaris D, Y, R, Q 0 - 25 m (d) 
Schizaster lacunosus Y, R, RB, Q 4 -15m (f) 
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6.1.2 Inland succession (Yanbu, Rabigh back-reef and Al-Ruwais)  
The inland succession appears in three locations in the study area: Yanbu, Rabigh and 
Al-Ruwais. The inland succession in the Yanbu area (Fig. 3.25) appears 30 m inland and 
shows a different structure (being more cemented with the whole succession partly covered 
by younger sand and rubbly material) at a height of 15-20 m above sea level. It probably 
represents an older reef succession. 
The back-reef areas at Rabigh are appear about 4 km inland and rose to a maximum height of 
4.5 m. This terrace is mostly mud dominated containing bivalves, gastropods, echinoids and 
echinoid spines with minor coral and coral rubble at the top. Similarly, a 4 m high terrace 
appears in the Al-Ruwais area about 3 km from the present shoreline and about 140 km south 
of Rabigh. The lower part of the sequence consists of poorly cemented coral rubble filled 
with sediment, shell fragments and intact coral reef species while the upper part consists of 
fluvial sediments (channel deposits). 
Petrographic and XRD results show that the Rabigh back-reef area is characterized by an 
increase of high-Mg calcite to an average of 19.4% compared with only 5% in the Al-Ruwais 
area (Appendix. 2-C). High-Mg calcite could be derived from the skeletons of organisms 
such as echinoderms, which are common in the Rabigh back-reef unit and disappear in the 
Al-Ruwais succession (Appendix 1-C). The skeletons of all known echinoderms consist of 
high-Mg calcite, with 3–18.5 wt% Mg (Ebert, 2007, Kroh and Nebelsick 2010). Also, the 
high-Mg calcite could be from direct precipitation of marine cements. Many of the abundant 
reefal high-Mg calcite micrite cements probably resulted from biologically induced 
precipitation, thereby making automicrites important contributors to modern reef rigidity 
(Webb, 1996; Webb et al., 1998). High-Mg calcite formed blocky, palisade and scale-like 
crystals together with micrite. This blocky calcite spar can be an indicator of a meteoric 
phreatic environment (Given and Wilkinson, 1985). 
Also, the results shows that quartz is present in high percentages in the Al-Ruwais terrace 
(average 31.4%) while in the Rabigh back-reef terrace it also appears but with low 
percentages of 0.3% (Appendix 2-C). As mentioned before, the presence of detrital grains of 
quartz and heavy minerals indicates a supply of terrigenous materials. Such materials would 
have been sourced from the Tertiary mountains located to the east of the study area, and are 
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common in the coastal plain due to surface water run-off and aeolian transportation. The 
terrace in the Al-Ruwais area is covered by fluvial sediment coming through wadis from the 
mountains, which indicates the source of the quartz, whereas in the Rabigh back-reef area the 
terrace is not adjacent to a main wadi and, therefore, only few terrigenous materials (probably 
wind-blown) could be found, including quartz. 
Petrographic results for the back-reef successions at both Rabigh and Al-Ruwais demonstrate 
only a few corals, but fossils constitute the allochemical grains and include algal grains, 
gastropods and echinoid spines that suggest deposition in a near-shore environment 
(Appendix 1-C). A shallow lagoon typically sits behind the broad reef flat, and this creates 
the back-reef area which is primarily submerged at high tide, and contains depressions which 
retain water at low tide. As such, scattered coral colonies and patch reefs may be observed in 
the back-reef area (Table. 6.1). The expenditure of wave forces throughout the reef crest area 
meant that the back-reef area became an environment of varied lower energy physical 
processes and sedimentary qualities. Sediment and rubble from the reef crest are deposited 
behind the crest, which widens the back-reef flat over time. 
The deposition of terrigenous sediment from the continent has led to poor coral development 
in the back-reef, and the upside-down corals suggests that they have been dumped from 
nearer the reef crest by wave action and did not originate from within this environment. The 
scattered coral growth with minor sediment accumulation reflects the presence of a back-reef 
lagoon or channel between the reef flat and the shoreline. Guilcher (1988) has argued that 
such channels could be the outcome of runoff and sediment supply. Comparable channels 
occur at a depth of 1.5 m greater than the reef flat at Elat on the Red Sea coast, and at Mahe 
in the Seychelles (Kennedy and Woodroffe, 2002). 
Also, the back-reef terrace in the Rabigh area and the lower part of the terrace in Al-Ruwais 
show similar features to some of the front terraces, i.e. at location H4 in the Haql area, and 
location Y7 in the Yanbu area suggesting a lagoon environment. 
The upper cemented part of the reef in some areas in the Rabigh back-reef (locations RB4 
and RB2) consist of rubble with a few upside-down corals, which indicate it is rubble that 
eroded out of the reef front. This reef in other back-reef areas (location RB1 and RB3) is 
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different with an appearance of coralline algae, calcareous worm tubes and some Acropora 
and Faviidae corals that probably represent low patch reefs. 
Finally, the lower flat outcrops in the Rabigh back-reef area are mud-dominated and contain 
calcite shells and gastropods and probably represent the lagoonal facies. The most abundant 
species of bivalve in this facies is Trachycardium lacunosum (Reeve, 1845) and many 
gastropods and echinoid spines of the species Heterocentrotus mammilatus (Linnaeus, 1758) 
were found. The fact that calcareous mud dominates the back-reef area gives an indication of 
a low energy lagoonal environment behind the reef crest. This lagoon environment is 
characterized by extensive shallow marine conditions, which would have been bordered by 
the mainland at the time of deposition (cf. Flügel 1978). 
Overall, the composition and the height of these back-reef terraces indicate it represents a 
rubble bank on the landward side of the reef platform area where corals may have been 
reworked from more seaward parts of the upper reef. 
6.1.3 Beach rock 
Beach rock is exposed in the intertidal zone along the Rabigh and Al-Qattan coasts. 
At Rabigh, it is composed of two layers of beach rock, where the lower unit ranges in 
thickness between 20-45 cm, and the upper unit is 20-40 cm while in Al-Qattan only the 
lower unit appears with same features as in the Rabigh area. The exposures are parallel to the 
shore, with a seaward slope. The level of the prograding beach rock in this area reflects 
fluctuations in sea level, as they would have been deposited near the high tide level and 
extended towards the sea for a few metres towards low-tide level. The intertidal zone in 
Rabigh and Al-Qattan area is made of beach sands, unsorted skeletal fragments and 
lithoclasts. The current carbonate particles come from either the nearby eroding Pleistocene 
terraces, or through the disintegration of marine skeletal material. 
Petrography and XRD of beach rock in the study area (Appendix 1-D, 2-D) reveals a small 
proportion of shell material that would have been reworked from the older terrace and other 
uncategorised carbonate grains that most of it are just Holocene beach material and include 
both skeletal particles and intraclasts. Dominant skeletal particles are algae and molluscs, 
particularly bivalves. The rest of the skeletal particles include corals and echinoids in low 
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numbers. The beach rock is highly cemented, and this creates a low porosity of primary 
intergranular type. Limited dissolution of carbonate grains can lead to secondary porosity, 
and intragranular porosity. Within the beach rock in the study area aragonite and high-Mg 
calcite are the most plentiful minerals found (Appendix 2-D) and they represent the dominant 
cements in the beach rock. Dolomite is found in minimal amounts. Aragonite and high-Mg 
calcite precipitation and dolomite formation are the primary reactions in tropical intertidal 
settings, where the beach rock has formed (Morse and Mackenzie 1990). This is consistent 
with results from elsewhere in the Red Sea, Aqaba and Arabian Gulf coasts (Shinn, 1969; 
Friedman and Gavish, 1971; Magaritz et al., 1979; Khalaf, 1988; Friedman, 2002). 
The beach rock in the study area is typified by intergranular high-Mg calcite cement and 
aragonite needle cement, which are suggestive of marine phreatic diagenesis. Cementation of 
the beach sediments occurs where marine pore water is subject to evaporation within the 
intertidal zone. The particle size results have revealed that the coastal area at Rabigh is of 
moderate energy (wave heights ranges between 0.6-1.2 m and wind speed normally ranges 
between 5-25 knots) which is essential for the supply of seawater from which the CaCO3 
cements precipitate. Along the intertidal zone the beach rock is well exposed throughout the 
Aqaba and Arabian Gulf coasts. 
The beach rock in the study area is elevated above high tide level and represents beach rock 
formed during the Holocene high stand, and thus the beach rock is similar to deposits in the 
Gulf of Aqaba, Egypt, Arabian Gulf, Qatar (Holail et al, 2004), Northest Brazil (Caldas et al., 
2006) and southeast Vietnam (Stattegger et al., 2013). 
6.2 Age of the successions along the Saudi Red Sea coast 
6.2.1 Age of the coral terraces 
Early 
14
C dating results for the Saudi reef terraces had ages between 40-53 ka 
(Nesteroff, 1959; Behairy, 1983), but these ages are at the limits of 
14
C dating and are not 
reliable results. Reefs aged 40-53 ka would be well below present sea level, and thus the 
radiocarbon dates for the Saudi reef terraces probably reflect minor contamination by modern 
carbon and give minimum ages for the reef sequences. Reefs of this age could only occur 
above present sea level if tectonic uplift had occurred in the central area of the Red Sea coast 
but this has not been evident since at least MIS 5e (Hearty, 1987). Behairy (1983) had 
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suggested four major marine transgressions since 31,000 years B.P in three terraces between 
Jeddah and Yanbu based on radiocarbon dating. These findings are now considered to be 
inaccurate using current Quaternary sea-level variation models based on global examples 
correlated with the deep sea oxygen isotope data (Lambeck and Chappell, 2001). 
The new U/Th results from the Saudi coral samples show that most of the ages ranged 
between 113-132 ka (Fig 6.1), with a total pooled mean age of 121.5±0.2 ka indicating a MIS 
5e age for the reef terrace along the Saudi coast. Even the terrace at a height of about 16-20 m 
in the north at Haql showed the same range of ages. This strongly suggests that these terraces 
were formed during the last interglacial MIS 5e when global sea level is believed to have 
peaked at about 6-9 m above present sea level (Chappell and Shackleton, 1986; Woodroffe et 
al., 1995; Lisiecki and Raymo, 2005; Murray-Wallace and Woodroffe, 2014; Dutton et al., 
2015a,b). Recently, Parker et al. (2012) dated >99% aragonite Tridacna shells from an 2.5 -
12 m high raised coral terrace on the eastern coastline at the southern tip of the Sinai 
Peninsula which gave U/Th ages ranging from 77 to 129 ka suggesting correlation with MIS 
5e for this terrace. Furthermore, recent U/Th dating by Bantan et al. (2015) of Porites, 
Tridacna, Strombus and Clypeaster samples from a reef terrace 3-5.5 m apsl on the Jeddah 
coastal plain revealed a range of ages between 125±1 and 121±1 ka indicating MIS 5e for the 
upper layer of the terrace and the top of the underlying white limestone layer. 
A number of similar last interglacial reef terraces have been observed and analysed around 
the world. They include the Rendevous Hill ‘III’ terrace in Barbados (Fairbanks and 
Matthews, 1978; Schellmann and Radtke, 2004); the 'VIII' coral reef terrace in New Guinea 
(Aharon and Chappell, 1986); terraces 1-4 m high and 81-140 ka age at A1 Aqaba, Jordan 
(El-Rifaiy and Cherif, 1988); Devonshire/Spencer's Point in Bermuda (Vacher and Hearty, 
1989); terrace '112' on Sumba Island, Indonesia (Pirazzoli et al., 1991); and the Grotto Beach 
Formation in the Bahamas (Hearty and Kindler, 1993). 
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Fig.6.1. Chart showing the dating result of coral, shells and sediments from the current study and 
dating results from other recent studies.  
Nine of the dated Porites samples, mainly from the lower part of the terrace in the Haql, 
Yanbu and Rabigh areas, gave ages younger than MIS 5e. Three of these ages were less than 
10 ka younger than MIS 5e while the remaining six ages are significantly younger ranging 
from 42-89 ka. Similar young ages have been recorded from elsewhere around the Red Sea 
(Plaziat et al., 2008) and globally. Most of these younger sample ages are from the lower part 
of the same terrace beneath MIS 5e dated corals. They are also adjacent to the ocean and have 
been quite strongly cemented for up to about 1 m above present mean sea level, probably 
during the Holocene high-stand about 1000-3000 years ago (Siddall et al., 2003). This also, 
supported by the age of the well cemented beach rock adjacent to the lower part of these 
terraces in the Rabigh, Yanbu and Al-Qattan areas and which gave the same range of 
Holocene ages (Table 5.8). Even though the samples from the lower part of the coral terrace 
showing young dates were all selected with >98% aragonite some of this aragonite may be in 
the form of younger cement (e.g. Fig. 4.11a). Thus they could have been subjected to isotopic 
resetting by young cements or uranium mobility since they all have high uranium contents. In 
addition, most of these corals with apparent young ages also suffer some degree of diagenesis 
and open-system behaviour, evidenced by elevated initial 
234
U/
238
U and low 
230
Th/
238
U ratios. 
This suggestion of Holocene cementation is further indicated by the uncemented lower 
portion of the terrace in the excavation 100-400 m landward from the present sea cliffs at 
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Rabigh which were not affected by the raised sea level. Plaziat et al. (2008) also suggested 
that isotopic resetting of coral dates could occur during diagenesis by the addition of 
234
U into 
the coral lattice enhanced by the decomposition of organic sheaths around the aragonite 
needles in scleractinian corals. This would invalidate using a “closed system” assumption in 
the isotopic date calculation and such changes would not be recognised by microscopic 
examination for later cements. 
The U/Th data suggest that the upper and lower parts of the reef represent the same terrace 
with the only difference being the more widespread cementation in the lower part of the reef 
along the present coast. This concept of a single terrace is strongly supported by seeing the 
same terrace 100-400 m inland at location R2b in the Rabigh area where there is no 
difference in cementation, colour or facies between the upper and lower parts of the terrace 
sequence (Fig. 3.35). Younger dates (107-109 ka) in some samples from the raised portions 
of this terrace probably reflect the effects of diagenesis, with replacement carbonate, 
secondary carbonate cement or additional 
234
U being incorporated into the sample. For 
example, blocky calcite cement in the raised terrace is distributed equally around most of the 
grains leaving an average porosity of 14.8% (Fig. 4.11b). Some of the calcite features are 
typical of a fresh water phreatic environment, as mentioned by Meyers (1978). 
The petrographic result from the lower 1-1.5 m of the terrace in the Rabigh and Yanbu areas 
shows more cementation and diagenesis than in the upper part (Fig. 4.11). Aragonite 
cementation is a characteristic feature of the lower part of the reef, and is similar to that 
observed in a variety of other carbonate depositional environments including the Great 
Barrier Reef (Marshall and Davies, 1981; Marshall, 1983), the Red Sea (Friedman et al., 
1974) and Barbados (Macintyre et al., 1968). Thin sections from the lower part of the terrace 
also show some leaching of aragonite accompanied by calcite replacement and low porosity. 
The inclusion of, or replacement by, younger aragonite cement may account for the low 
numerical ages obtained from some samples in this part of the succession. 
6.2.2 Older terraces 
Recent studies along the Saudi Red Sea coast have also determined some older ages 
within the coral terrace successions. Dawood et al. (2013) applied whole rock U/Th dating 
methodology to the coral terrace in the Rabigh area of Saudi Arabia, resulting in ages of 
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128±0.2 ka at about 3.5 m, 212±1 ka at about 2.5 m , and 235±1 ka at about 0.9 m apsl in the 
reef terrace. They suggested that deposition occurred during periods of higher sea levels 
linked to MIS 5 and 7. However, it is worth noting that the significantly larger uncertainty 
associated with 
234
U/
238
U ratios obtained using the alpha-counting method prevent effective 
assessment of diagenesis and open-system behaviour, and thus the reliability of the ages is 
unknown. The age of the upper part of the reef terrace reflects MIS 5e of the last interglacial 
and is consistent with previously mentioned references and the new data presented here. The 
212 ka sample from Rabigh provided by Dawood et al. (2013) is shown coming from the 
upper MIS 5e terrace in their figure 2 but from the lower terrace in their figure 3. However 
our terrace mapping suggests that exposures 100 m inland show that there is only a single 
terrace at Rabigh and the junction between their terraces actually represents a notch cut 
during the Holocene high-stand of sea level with the inclusion of beach rock both in this 
upper notch and in areas between the cliff exposures. 
Dawood et al.’s (2013) measurements from the middle and lower part of the reef are 
inconsistent with samples from similar levels presented in Table 5.1 at Rabigh and along the 
Saudi coast but could be related to older emergent reefs on the west coast of the Red Sea in 
Egypt and Sudan (Plaziat et al., 2008). Also, the recent U/Th dates of 144±2 ka (Tridacna) 
and 300±6 ka (Porites) at 2 m and 1.2 m from the white limestone terrace in the northern 
Jeddah area (Bantan et al., 2015) could also represent reset ages from MIS 7 or MIS 9 reef 
deposits even though the top of the limestone terrace gave an age of 121±1 ka linked to MIS 
5e and no erosion break was detected between the upper and lower part of this layer. This 
white limestone is much more indurated than the MIS 5e terraces investigated during this 
study and it may represent a MIS 9 deposit, since MIS 7 probably did not reach present sea 
level (Shackleton, 1987; Murray-Wallace and Woodroffe, 2014). 
6.2.3 Inland terrace sequences 
Tridacna samples (RB2 – RB4) from the back-reef in the Rabigh area (about 3.5 km 
inland) could possibly represent an older lagoon or sheltered shelf succession with a 
suggested MIS 7 or 9 age for these deposits (200-250 ka). This is consistent with U/Th dates 
from about 1 km inland north of Duba (Dullo, 1990). However, in the Rabigh area there is no 
indication of a break in sedimentation between the coral terrace and back-reef area which 
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suggests a continuous reef to back-reef succession and may reflect diagenesis since these 
samples only retain 72-73% aragonite. 
Moreover, the TL dating of the fluvial sediment that unconformably overlies the lower 
carbonate part of the terrace in the Al-Ruwais area in Jeddah showed a much younger age 
(66±13 ka) for this sediment than the coastal terraces. With only a few corals found in the 
underlying carbonate sequence and no coral or shell suitable for dating, it could be suggested 
that this terrace represents an MIS 5e back-reef area (Bantan et al., 2015) covered by fluvial 
sediment coming through wadis from the mountains. Although the TL ages overlap at the 1σ 
level, the two samples from within the back-reef succession gave ages younger than MIS 5e 
and probably reflect infiltration of younger fluvial sand into the porous back-reef deposits. 
This could also account for the upward decrease in TL age through the back-reef sequence 
with a greater proportion of younger quartz present towards the top of the unit. 
6.2.4 Beach rock  
The results of 
14
C analysis of beach rock samples from the study area shows that the 
beach rock is probably mid to late Holocene, and is not considered to represent part of the 
reef structure. It is formed easily in such arid environments, in just a matter of years, and so is 
not an ancient feature. The higher beach rock deposition is reflective of the mid-Holocene 
high stand of sea level (up to 1 m high) about 1000-3000 years ago (Siddall et al., 2003), and 
is regarded as a feature of the mid-Holocene transgression rather than the Late Pleistocene 
reef structure. Material in the beach rock is probably a combination of Holocene reef top 
detritus and some reworked coral reef terrace material. 
The diagenetic history of the beach rock shows some similarity to the lower reef in the stable 
exposed coastal succession such as Duba, Yanbu, Rabigh and Al-Qattan. That reflects the 
meteoric diageneses during the mid-Holocene high stand of sea level (up to 1 m high). 
6.3 Neotectonism 
The dating results presented in this research from south of Duba, Yanbu, Rabigh, Al-
Ruwais and Al-Qattan suggest tectonic stability along most of the Saudi Red Sea coast. The 
MIS 5e age for these 4-5.5 m high coral terraces is consistent with similar elevation MIS 5e 
coral terraces in northern Jeddah (Bantan et al., 2015) and along the western Red Sea coast 
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from Egypt south to Ethiopia and Djibouti (Hoang and Taviani, 1988, 1991; Andres et al., 
1988; Reyss et al., 1993; Walter et al., 2000). It is also consistent with the dating of a reef 
terrace 2-6 m apsl on the Sudanese coast, which gave ages of 125-142 ka (Hoang et al., 
1996). These dates suggest that Saudi Arabian reef growth at MIS 5e during the last 
interglacial is consistent with the results obtained from the western Red Sea coast from Egypt 
south to Ethiopia and Djibouti (Andres et al., 1988; Hoang and Taviani, 1988, 1991; Reyss et 
al., 1993; Plaziat et al., 2008). This strongly supports the stability of most of the Saudi and 
western Red Sea coast since at least the last interglacial, apart from the northern part around 
the Gulf of Aqaba. Since MIS 9 coral reefs and terraces also occur at similar altitudes around 
the Red Sea coast this tectonic stability may extend back to at least MIS 9. 
Farther south at the Farasan Islands, even though samples were not collected for this study 
(due to restricted access in this area), previous field work showed a sequence of coral terraces 
2-6 m apsl with a very similar internal coral-dominated structure (Fig. 6.2; Bantan and Abu-
Zied, 2014). These terraces are probably also of MIS 5e age and could support the tectonic 
stability of most of the Saudi coast for at least the last 125,000 years. 
 
Fig.6.2. A sequence of coral terrace 3-6 m apsl located in Farasan Islands, southern Red Sea, showing 
very similar elevation and internal coral-dominated structure to the MIS 5e dated terraces. 
In the northern part of Saudi Arabia, the results show a progressive uplift north of 
Duba to the Gulf of Aqaba (Fig. 6.3). The dated 6-10 m high MIS 5 coral terraces exposed 
north and south of Duba increase in height to 18-25 m around Maqna and 16-20 m near Haql 
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in the centre of the Gulf of Aqaba before decreasing to a 7-10 m high terraces at the north end 
of the gulf (Jado et al., 1989; Scholz et al., 2004; Parker et al., 2012). A coral terrace of 
possible MIS 5 age has also been reported from 15 m apsl just south of Dahab on the Sinai 
Peninsula (Shalaby and Shawky, 2014). These findings are consistent with previous studies in 
the Gulf of Aqaba (Gvirtzman et al., 1992; Strasser et al., 1992; Gvirtzman, 1994; Bosworth 
and Taviani, 1996; Plaziat et al., 1998; Shalaby and Shawky, 2014). The uplift of this last 
interglacial reef is comparable to other reefs in the northern Red Sea. For example, the height 
of a reef terrace from Um Seed at the southern tip of the Sinai Peninsula (northern Red Sea), 
3-6 m apsl, was dated by U/Th and gave an age of 118-125 ka (El-Asmar, 1997) and a raised 
reef, about 6-12 m, between Sharm al Harr and Sharm al Bad north of Duba was dated at 95-
112 ka (Jado et al., 1989). It also consistent with higher elevation stage MIS 5e coral terraces 
in some more highly tectonic areas such as Barbados, Bahamas, New Guinea and Indonesia 
(Fairbanks and Matthews, 1978; Aharon and Chappell, 1986; Vacher and Hearty, 1989; 
Pirazzoli et al., 1991; Hearty and Kindler, 1993). 
 
Fig.6.3 Northern part of the Red Sea showing the elevation of the MIS 5e dated terraces indicating 
tectonic uplift around the Gulf of Aqaba. 
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6.4 Sea level implications 
The definition of past sea level heights has been determined from around the world, 
especially in areas with tectonic stability. For example, the relative sea level height during 
much of the MIS 5e along the Western Australian coast (129-120 ka) was 3-4 m apsl, while a 
substantial sea-level rise to about 9 m apsl has been suggested at the end of the last 
interglacial at 118 ka (O’Leary et al., 2013). Also, a sea level rise to about 5 m apsl during 
stage 5e has been observed in the Bahamas, Bermuda Island and Florida (Stirling et al., 1998; 
Chen et al., 1991; Muhs et al., 2002, 2004) while in locations such as Haiti and Barbados, sea 
level was at 2.7-5 m and 6 m apsl at approximately 132 ka and 128 ka, respectively 
(Schellmann and Radtke, 2004; Dumas et al., 2006). Thompson et al. (2011) revised the ages 
for part of the Bahamas succession and confirmed the presence of two highstand events 
between 123 ka and 114 ka. In the eastern Atlantic Ocean, stratigraphic data from the Canary 
Islands show MIS 5e points at between 0-2 m apsl (Zazo et al., 2002). These latter values 
may be related to neotectonism since during the early and middle Pleistocene the Canary 
Islands had been rising but over the past 300 ka they were probably stable or subsiding (Zazo 
et al., 2002). Frank et al. (2006) used a MIS 5e height of 6±3 m apsl in their estimation of 
subsidence rates on the west coast of New Caledonia. PALSEA (2010) suggested that the 
MIS 5e peak sea level of 3-6 m apsl was attained by 126±1 ka while Dutton et al. (2015a) 
dated raised in situ corals from the Seychelles islands that indicated a sea level of 7.6±1.7 m 
at 125 ka. 
Dutton and Lambeck (2012) concluded a MIS 5e highstands occurred between 5.5 and 9 m 
apsl based on isostatic modelling and stratigraphic evidence from a wide range of global 
localities. However there was considerable variability between the different locations. 
Vyverberg et al. (2014) recorded at least two MIS 5e highstand signatures on the Seychelles 
islands. A later review paper by Dutton et al. (2015b) has indicated that there is no clear 
consensus on the precise height and age of MIS 5e highstands but there appear to be one or 
more highstands between 129-116 ka that reached heights of 6-9 m above present sea level. 
The current data from the Saudi Red Sea coast is consistent with these findings. 
Since the central and southern portions of the Saudi Red Sea coast appear to have been 
tectonically stable for the last 125 ka, and possibly since MIS 9, the information from the 
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Saudi terraces can be used to place limits on the last interglacial sea level in the Red Sea area. 
The consistent elevation of these terraces at 4-5.5 m apsl over a lateral extent of up to 5 km 
inland, and their juxtaposition with respect to back-reef lagoonal deposits, suggests that the 
last interglacial maximum sea level must have been at least 6 m above present sea level. The 
molluscan fauna associated with the coral terraces is consistent with a very shallow subtidal 
environment and the foraminiferal fauna recorded in the terrace 3-5.5 m apsl in northern 
Jeddah by Bantan et al. (2015) is equivalent to modern faunas abundant at 1-3 m water 
depths in Shuaiba Lagoon (Abu-Zied and Bantan, 2013). The combination of these factors 
suggests that locally the last interglacial maximum sea level was at least 5-6 m above present 
sea level at about 120 ka. The timing of this highstand is very similar to the MIS 5e sea level 
curve estimated by Siddall et al. (2003) and Rohling et al. (2008) from δ
18
O data derived 
from cores in the central Red Sea. However, as noted by Lambeck et al. (2012), although the 
Red Sea region is tectonically stable, isostatic rebound is likely to have occurred following 
melting of the MIS 6 Eurasian icesheet. This would have resulted in uplift in the Red Sea 
region being most pronounced in the northern part near the Gulfs of Suez and Aqaba but this 
cannot be distinguished around the Gulf of Aqaba because of the active tectonism in this area. 
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Chapter 7  
7.1 Conclusions 
Along the Saudi Red Sea coast, the exposed coastal reef terraces, inland terraces and 
beach rock were studied and dated in this thesis. 
The study identified the composition and lateral variation and the different structural features 
in the exposed reef systems along the eastern Red Sea coast. The reef system shows very 
extensive preservation along most of the central and southern part of the Saudi Red Sea coast 
where the exposed shelf carbonate sequence occurs at a height around 4.5 to 5.5 m apsl. The 
terrace increases in height in the north to about 20 m apsl. However, the major feature of all 
these reef systems shows a single reef built up over a shallow marine sandy carbonate 
substrate below. The lower part of the reef in some areas shows a stabilisation phase of 
harder substrate on which the reef growth phase extends upwards for about 5-7 m, with some 
places thicker than the others. The reef mainly consists of coral combined with other 
components such as coralline algae, echinoderms and mollusc shells. Many coral genera 
occur in these exposed coral terraces along the Saudi Red Sea coast, including Acropora 
humilis, Porites lutea, Porites nodifera, Fungia scruposa, Favia lacuna, Platygyra daedalea, 
Stylophora pistillata, Galaxea fascicularis, and Goniastrea edwardsi. The coral coverage and 
variety are variable whereby some areas have a lower diversity due to the sediment supply 
through ancient valleys during rainy periods in these areas (e.g.; Sharm Al-Kharrar and 
Sharm Rabigh). 
The reef top has some hollows in it with sediments in between reef areas representing a 
typical patch reef system. Also, the framework and fauna in these reef top positions indicate a 
low energy and very shallow marine environment during the formation of these reefs. This is 
shown by the predominance of small branching corals together with common bivalves, 
gastropods and foraminifera that typically occur in intertidal to shallow subtidal conditions. 
The larger 2+ m high corals and coralline algae that occur in growth position in the upper 
parts of the reef terrace extend upwards from loer parts of the terrace. 
 In contrast, the inland sequences exposed at Rabigh and Al-Ruwais about 3-4 km inland 
from the present shoreline are 4-4.5 m high. The lower portions of these sequences mainly 
consist of a back-reef mud-dominated lagoonal facies containing scattered irregular 
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echinoids, a few large Tridacna shells and smaller gastropods. This muddy facies is overlain 
by poorly cemented coral rubble filled with sediment, shell fragments and some intact corals 
representing material that was washed over the lagoon facies by wave action. This latter 
material forms the exposed flat outcrops in the Rabigh back-reef area. 
The morphology of the reef system on the eastern side of the Red Sea along the Saudi coast 
represents a back-reef carbonate shelf deposit rather than a reef front system. The coral 
distribution in the exposed coral terraces suggest a relatively calm shallow water carbonate 
environment similar to the sequences and genera in the modern Red Sea coral reef system. 
On the landward side in some areas the carbonate terrace passed laterally into and partly 
overlies a shallow calcareous sandy and muddy lagoonal environment. 
Younger beach rock deposits occur between and abut against the coral reef exposures at 
about 1 m apsl. The beach rock is of mid-Holocene age and provides a good indication of the 
Holocene sea level high-stand that also accounts for the common cementation in the lower 
part of the reef systems in exposed coastal situations. 
The dating results from the upper and lower parts of the reef also support the concept of them 
being a single terrace with more widespread cementation in the lower part of the reef along 
the Saudi Red Sea coast. The dates from the upper part of the reef system are more consistent 
and in places older than dates from the equivalent lower part of the reef. While all the dated 
samples had high aragonite contents, some of the samples from lower in the reef along 
exposed coastal outcrops may have contained a younger aragonite cement that affected the 
dating results.Dating of these coral terraces indicate a major period of coral reef growth 
between 122-119 ka during MIS 5e while some younger dates are probably attributable to 
diagenetic alteration of these reef systems. These subhorizontal reef facies are up to 5 km 
wide and have upper elevations of 3.5-5.5 m apsl along the central and southern parts of the 
Saudi Red Sea coast. These results are supported by the same range of ages for similar 
terraces up to 6 m high from along the western coast of the Red Sea (Butzer and Hansen, 
1968; Veeh and Giegengack, 1970; El-Moursi, 1992; Arvidson et al., 1994; El Moursi et al., 
1994; El-Moursi and Montaggioni, 1994; Plaziat et al., 1998). Since this region has been 
tectonically stable for at least the last 125,000 years (Lambeck et al., 2012) the internal 
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structure and fauna in these coral terrace deposits can be related to a MIS 5e sea level high 
stand that was at least 6 m apsl at about 120 ka. 
Nevertheless, the Saudi coast north and south of Duba and along the Gulf of Aqaba has been 
uplifted by faulting to 16-20 m at Haql and Maqua since 108-120 ka. This estimate of the 
degree of uplift is comparable to other results north of Duba and along the Gulf of Aqaba, 
where a 6-10 m reef terrace provided an age of 95-120 ka (Jado et al., 1989), a 7-10 m reef 
terrace gave an age of 121 ka (Scholz et al., 2004) and a 2.5 -12 m reef terrace set an age of 
77 -129 ka (Parker et al., 2012). This uplift can be associated with the late Pleistocene rifting 
along the Gulf of Aqaba transform fault (Bosworth and McClay, 2001; Shalaby and Shawky, 
2014).  
The terraces at the Farasn Islands in southern portion of the Saudi Red Sea coast are also 2-6 
m apsl and show very similar structure to the studied terraces in the middle parts of the coast 
in the Yanbu, Rabigh and Al-Qattan areas. These terraces are probably also of MIS 5e age 
and could support the tectonic stability of most of the Saudi coast for at least the last 125,000 
years. Further work should call for dating this sequence as no samples were collected in this 
study due to restricted access to this area during the study period. 
7.2 Recommendations (Further work) 
More detailed analyses of individual areas along the coast is suggested, including 
multiple age dating of individual coral specimens, to refine the depositional setting, age and 
sea level implications of these sequences.  
For the back-reef areas, additional sampling and dating would be necessary to clearly define 
the age of these back-reef successions. 
Further south on the Saudi coast, samples should be taken for dating from the terraces at the 
Farasan Islands to confirm the age of these sequences and the tectonic stability of this 
southern part of the Saudi coast. 
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Appendix 
 
Appendix 1-A: Thin section results for the lower reef 
Area 
Sample 
Height Coral Algae Molluscs Echino Foram Quartz Clstic Sparite Micrite Porosity 
 
(cm) % % % % % % % % % % 
Duba 
DA11 150 13.3 30.6 23 4.3 3 3.3 1 10 2 9.3 
DA12 150 6.6 13.6 13 13 10.6 2.3 1.6 12 6.3 20.6 
DB3 115 10.3 15.3 16.6 5.6 4.9 3.6 7 23.3 3.6 9.3 
DA8 100 7 18 18.3 4 4.3 7 7 26.3 0 8 
DB1 70 22.3 19 3.6 5.6 11 0 1.6 15.6 13 8 
DA3 50 23 20.3 3.3 1.6 5.6 0 1 23.6 12.3 9.3 
DC1 20 19 40 2 2.6 1.6 0 2.3 2.3 25.3 4.6 
 
Average 
 
14.5 22.4 11.4 5.2 5.9 2.3 3.1 16.2 8.9 9.9 
Yanbu 
YG4 150 36.6 9.3 2.3 1 5 0 0 9.3 23.9 12.6 
YF5 150 3.3 25 10.6 1 10 0 0 13.6 20.9 15.6 
YA4 150 3.6 27 13 0 7 0 0 9.3 19.3 20.6 
YF2 120 20 33 2.3 1 5 0 0 8.3 20.3 10 
YH1 60 14.3 9.6 15.6 0 3.6 0 0 13.3 36.6 6.6 
YE1 30 15.6 25 10.3 1 4.6 0.3 0 11.6 18.6 12.9 
YC1 30 12 34 7.3 3.3 10 0 0 21 8.3 4 
YG1 20 12 25 10.6 7 9.3 0.6 13 0.3 11.3 10.6 
YF1 10 42 34.6 0 0 0 0 0 0.3 10 13 
 
Average 
 
17.7 24.7 8 1.6 6 0.1 1.4 9.7 18.8 11.8 
Rabigh KA7 120 28.4 33.2 6.1 0.3 0 4.4 0 1.2 6.1 16.3 
 
196 
 
 
 
KC4 95 14 26 13.3 2.6 0 0.3 0 4.3 9.3 19.3 
KB3 80 23 40.6 1.3 2.3 5 0.3 0.3 5 16 6 
KB9 40 2.1 23.6 18.3 3.2 0.3 0 0 2.9 30.6 16.3 
 
Average 
 
16.9 30.9 9.8 2.1 1.3 1.3 0.1 3.4 15.5 14.5 
Al-Qattan 
QC3 120 40.6 17.3 6.3 0 0 0 0 14.3 15 6.3 
QB2 100 11.3 28.6 7.3 2.6 1 5.6 13.3 1.6 17.3 11 
QC2 80 33 20.3 9.6 0 5 0 0 4 26.3 1.6 
QD4 80 40.3 16 3.6 0 1 0 0 9.6 17 12.6 
QD2 60 40.3 17.3 3.6 0.6 1 0 0 18.3 9.3 9.6 
QA1 50 22.3 34 2.3 0.6 0 0 0 20.3 9.3 11 
QB1 50 19 27.6 3.6 0 2 0 0 6.6 30 11 
QF2* 40 10.6 40.3 7 0.6 1.3 1.3 0 30 2.3 6.3 
QG2 40 24.3 28 6.3 0 6.3 0 2 18.6 3.3 9.3 
QD1 30 36 21 10 1.6 0.3 0 0 2.3 1 8.6 
 
Average 
 
27.8 25 5.9 0.6 1.8 0.7 1.5 12.6 13.1 8.7 
 
Appendix 1-B: Thin section results for the upper reef 
Area 
Sample 
Height Coral Algae Molluscs Echino Foram Quartz Clstic Sparite Micrite Porosity 
 
(cm) % % % % % % % % % % 
Duba 
DC6 350 15.6 28.3 3.6 3.6 0.6 4 4.6 25.6 8 5.6 
DB10 350 23.6 27 5.6 7.3 2 1 1.6 2.6 17.6 11.3 
DB8 250 10.3 39 4.6 0 0 0 0 12.6 21.3 12 
DA13 200 5.6 23.6 20.3 5.3 9.3 0.6 3 5.6 5 21.3 
 
Average   13.8 29.5 8.5 4.1 3 1.4 2.3 11.6 13 12.6 
Yanbu YG8 330 12.9 41 4 1 2 0.3 0 6.3 10 22.6 
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YF8 210 48.6 9 2.6 7 1 0 0 5 24.3 3.3 
YG5 180 36.6 27.3 3.3 1 2 0.3 0 8.3 20.3 0.9 
YD4 180 30.6 39.6 1 1.3 0.3 0 0 0.3 26 0.6 
 
Average   32.2 29.2 2.7 2.4 1.3 0.2 0 4.9 20.2 6.9 
Rabigh 
KA8 220 55.2 0.3 0 0 0 0 0 11.2 0.9 32 
KB11 185 11 15.6 10 14.6 0 2.6 0 0.3 24.6 7.6 
KB10 160 33.3 0 1.6 0.3 0 0 0 0 46.3 16.3 
KC5 145 27.8 9.7 1 0.6 0 0 0 0.3 17.6 21 
 
Average   31.8 6.4 3.2 3.9 0 0.7 0 2.9 22.4 19.2 
Al-Qattan 
QB9 230 30 30.6 1.6 2.3 1 0 0 11.3 10.6 12.3 
QA9 200 12 34 0.6 2.3 1 0.6 0 20.6 17 11.9 
QG7 190 40.3 20.6 0.6 2 0 0 0 8.6 16 11.9 
QA5 170 42.3 23.6 4.6 0 2.3 0 0 3 17 7 
QG5 160 40.3 25.3 0.6 0 0 0 0 4.3 18.6 11 
QC4 130 12 25.3 5.3 2.3 1 0 0 18.3 28.3 3.3 
 
Average   29.5 26.6 2.2 1.5 0.9 0.1 0 11 17.9 9.6 
 
 
Appendix 1-C: Thin section results for the back-reef 
Area 
Sample 
Height Coral Algae Molluscs Echino Foram Quartz Clstic Sparite Micrite Porosity 
 
(cm) % % % % % % % % % % 
Al-Ruwais 
R19 170 0 0 0 0 0 26 29.3 32 4.6 8 
R18 170 0 0 3.6 0 0 27.3 29.3 25 7.3 7.3 
R9 170 0 0 0 0 0 17 23.6 50.3 3.3 5.6 
R17 160 0 0 0 0 0 18.6 18.3 50 2 11 
 
198 
 
 
 
R8 160 0 0 0 0 0 32.9 13.3 45.3 1.3 7 
R3 110 2.6 0 0 0 0 4.6 5.9 63.6 6.3 17 
 
Average   0.4 0 0.6 0 0 21.1 20 44.4 4.1 9.3 
Rabigh back-reef  
6.1.1 110 1.3 14 2.3 2.6 1 0 0 6.6 28 33.6 
6.1.2 80 0 25.2 3 9 2.2 0.3 0 0.3 36.6 22.6 
6.1.3 35 0 22.6 2.3 3.7 0 0 0 2 30.8 30.4 
6.2.1 40 0 1.3 2.6 0.3 0 1.6 0 41.3 21 30 
6.2.2 50 8.3 27 0.3 0.3 0 0 0 0 14.2 37.6 
Average 
 
1.9 18 2.1 3.2 0.6 0.4 0 10 26.1 30.8 
2.1.1 0 0 0.8 4.5 6.2 0 2 0 31.2 45.4 9.1 
2.1.3 50 2.8 19.2 0.8 3.6 0 0.4 0 23.2 37.2 12.8 
2.1.5 65 54 0 0 0 0 0 0 14.8 0 31.2 
2.1.6 110 0 39.2 0.7 2.2 0 0.3 0.3 22.5 26.2 5.1 
2.1.7 150 37 6.3 0 0 0 0 0 0 19.9 36.6 
2.2.1 280 6.3 9.6 1 1.6 0 0 0 15.6 24 30.3 
2.2.2 220 0 24.2 0.3 2.6 0.3 0.9 0 33.2 22.4 15.7 
2.2.5 320 13.6 22 0.4 3.9 0.4 0 0 22.8 16.4 20.4 
Average 
 
14.2 15.2 0.9 2.5 0.1 0.5 0.03 20.4 23.9 20.15 
5.1.1 n 1.3 18 0 1 0 0 0 0 39.6 39.3 
5.2.1 75 1.6 18.6 1 4 0.3 0.6 0 23 20.6 27.6 
5.2.2 70 3.4 14 1.3 0.6 0 0 0 5.1 16.4 32.6 
 
Average 
 
2.1 16.9 0.8 1.9 0.1 0.2 0 9.4 25.5 33.2 
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Appendix 1-D: Thin section results for beach rock 
Loc 
no 
sample 
no 
Cora
l 
Mollusc
s 
ALGA
E 
Echinoder
ms 
Fora
m 
Porosit
y 
Sparit
e 
Micrit
e 
Quart
z 
Clasti
c 
Gastropo
ds 
Briyozo
a 
Feldspa
r 
Tourmalin
e 
Plagioclas
e 
Lower 1S.BR1.1 1.3 21.3 37.9 0.3 1 3.3 27.6 4.3 1.3 0 1.6 0 0 0 0 
1 1S.BR1.2 2.3 17.8 48.9 0.6 0.3 7.4 6.8 11.2 1.3 0 2 0 0.3 0.3 0.6 
 
1.BR1.3 3.1 18.7 38.6 3.4 0 1.5 26.6 3.9 1.9 0 1.2 0 0.3 0 0.6 
 
1.BR1.4 43.6 3.3 34.3 0.3 0 0 10.2 6 1.6 0 0.6 0 0 0 0 
 
Average 12.6 15.3 39.9 1.2 0.3 3.1 17.8 6.4 1.5 0 1.4 0 0.2 0.1 0.3 
Lower 7BRD2 9.9 6.8 13.6 0.3 2.2 28.8 4.8 9.3 6.2 0 0.3 16.4 0.3 0.3 0.6 
7 7BRD3 3.1 8.8 31.8 1.1 0 12.2 19.7 9.5 6.1 0 0 0 0.3 0 7.3 
 
Average 6.5 7.8 22.7 0.7 1.1 20.5 12.1 9.4 6.2 0 0.2 8.2 0.3 0.2 3.9 
                 
Upper 1.BR2.2 11.9 20.6 40.1 1.7 0 5.6 11.7 3.5 1.4 0 0.9 0 0 0 0.7 
1 1.BR2.2 5.3 18.2 39 2.1 0.3 5.7 18.9 7.1 0 0 0 0 0 0.3 2.8 
 
1.BR2.3 3.3 19.6 40.9 1.6 0 2.6 20.3 8.3 1.3 0 2 0 0 0 0 
 
7BRU1 1.7 21.1 41.1 1 1 17.3 4.4 8.8 0.6 0 2 0.3 0 0 0.6 
 
Average 5.6 19.9 40.3 1.6 0.3 7.8 13.8 6.9 0.8 0 1.2 0.1 0 0.1 1.0 
 
 
 
 
 
 
 
200 
 
 
 
Appendix 2-A: XRD results for the lower reef 
Location Sample no Height (cm) Quartz Aragonite Calcite High-mg calcite Gypsum Dolomite Ankerite Siderite 
Duba 
DA3 
50 
1.2 57 13.4 23.4 1.2 0.8 2.4 0.6 
DA8 
100 
1 51.2 14.3 23.5 3.6 1.5 3.5 1.2 
DA11 
150 
0.9 33 19.5 34 9.5 0 2.9 0 
DA12 
150 
17.6 26.5 18.8 34.5 0 0.7 1.3 0.7 
DB1 
70 
1 33.7 19.9 39.8 1.7 0.7 2.3 0.8 
DB3 
115 
0.3 66.7 6.4 3.3 22.5 0 0.7 0.1 
DC1 
20 
1.1 3.7 76.9 14.2 1.5 1 0.9 0.6 
 
Average 
 
3.3 38.8 24 24.7 5.7 0.7 2 0.6 
Yanbu 
YA4 
150 
0.1 27 27.1 38.2 3 0.4 3.2 0.9 
YC1 
30 
0.3 12.6 25.2 55.2 2.3 0.7 3.2 0.5 
YE1 
30 
0.3 6.4 22.5 62.8 2.3 1.1 3.6 0.9 
YF1 
10 
0.2 10.4 31.2 47.8 3 1.1 4.9 1.3 
YF2 
120 
0.4 16.9 47 24.7 4.3 0.4 5.5 0.8 
YF5 
150 
0.2 24.8 30.6 36.9 2.3 0.7 3.6 0.8 
YG1 
20 
0.4 24.9 23.5 42 2.3 1.5 4 1.2 
YG4 
150 
0.1 47.3 12.8 21.8 8.6 0.3 8.1 1 
YH1 
60 
0.2 43.2 18.9 23.9 1.8 0.7 10.6 0.6 
 
Average 
 
0.2 23.7 26.6 39.3 3.3 0.8 5.2 0.9 
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Rabigh 
KA7 
120 
3.2 32.6 19.2 26.5 10.5 1 7 0 
KB3 
80 
0.5 29.8 24.1 37.2 2.2 1 4.5 0.6 
KB9 
40 
3.7 32.4 22.5 37 1.3 0.2 2.4 0.4 
KC 4 
95 
4.5 42.9 16.1 23.4 9.5 0.9 2.7 0 
 
Average 
 
2.9 34.4 20.5 31 5.9 0.8 4.2 0.3 
Al-Qattan 
QA1 
50 
0.1 34.4 27.9 17.4 11.2 1 6.8 1 
QB 1 
50 
0.8 47.4 20.4 23.6 0 1.5 5.2 1.1 
QB2 
100 
0 19.7 18.2 15 41.4 0 5.7 0 
QC2 
80 
0 48.4 10.6 15.9 17.5 0 7.2 0.4 
QC3 
120 
0.4 48.7 25 15.7 2.8 1.4 5.4 0.6 
QD1 
30 
0.4 29.4 22.8 31.6 7.7 1.2 5 1.7 
QD2 
60 
0.2 60.4 13.4 14 2.7 1.2 7.5 0.5 
QD4 
80 
0.6 66.6 11.9 8.4 5 1.2 4.9 1.2 
QF1 
40 
1.1 25.2 20.2 34.2 12.2 0.4 5.9 0.6 
QG2 
40 
0.9 67.9 8.7 14.3 5 0.8 1.5 0.7 
 
Average 
 
0.5 44.8 17.9 19 10.6 0.9 5.5 0.8 
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Appendix 2-B: XRD results for the upper reef 
Location Sample no Height (cm) Quartz Aragonite Calcite High-mg calcite Gypsum Dolomite Ankerite Siderite 
Duba 
DA13 200 1 31.3 22.3 35.3 3.3 1.4 4.5 0.8 
DB8 250 0.4 28.4 23 38.4 5.9 1.4 2.5 0 
DB10 350 0.7 26.7 38.4 25.9 2.8 1.2 3.3 1 
DC6 350 0.5 13.7 73.9 8.6 1.7 0.3 0.7 0.5 
 
Average 
 
0.6 25 39.4 27 3.4 1.1 2.8 0.6 
Yanbu 
YD4 180 0.4 28.4 21.7 34.7 5.4 1.6 6.4 1.3 
YF8 210 1.9 34.2 26.8 19.5 6.7 1.6 8.4 0.9 
YG5 180 2.1 32 13.5 19.5 20.8 0.3 11.5 0.1 
YG8 330 0.1 8.1 58.9 15.7 4 1.9 10.4 0.8 
 
Average 
 
1.1 25.7 30.3 22.3 9.2 1.4 9.1 0.8 
Rabigh 
KA8 220 0.9 72.1 12.3 8.4 6.3 0 0 0 
KB11 185 0.1 29.7 26.4 39.5 2.9 0.2 0.3 0.8 
KB10 160 0 40.8 19.6 30.7 7.4 0.3 0.6 0.6 
KC5 145 0 41.6 14.6 18.3 18.6 0 6.8 0 
 
Average 
 
0.3 46 18.2 24.2 8.8 0.1 1.9 0.4 
Al-Qattan 
QAA2  0.8 85.6 8 2.4 1.4 0.4 0.3 1 
QA5 170 0.1 34.6 26.6 17.5 14.4 1.1 5 0.6 
QA9 200 0.5 40.3 44 10 2.1 0.3 1.7 0.9 
QB9 230 0.2 13.7 59.7 13.3 4.1 3.2 4.7 1 
QC4 130 0 23.8 34.5 21 13.1 2.3 4.6 0.7 
QG5 160 0.2 37 26.9 16.9 11.2 2.1 4.7 0.9 
QG7 190 0.6 53 32.6 7 2.4 1.2 2.6 0.6 
 
Average 
 
0.3 41.1 33.2 12.6 6.9 1.5 3.4 0.8 
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Appendix 2-C: XRD results for the back-reef 
Area 
Sample 
No 
Height 
(cm) 
Aragoni
te 
Calcit
e 
High Mg 
Calcite 
Dolomi
te 
Gypsu
m 
Kaoli
n 
Quart
z 
Albit
e 
Orthocla
se 
Ankeri
te 
Siderit
e 
Illit
e 
Muscovi
te 
Biotit
e 
Mixed 
Layer 
Rabigh back-
reef 
6.1.1 110 0 93.1 4.1 0.1 0 0.3 0 0.4 0.6 0 0.3 0 1.2 0 0 
6.1.2 80 1.5 81.5 9.7 0 1.3 0.8 0 0.8 1 0.1 0.6 0 1.3 1 0.4 
6.1.3 35 1.6 77.3 13.2 0 0.9 0.4 0.2 2.3 0.6 0.1 0.3 2.4 0 0.3 0.4 
6.2.1 40 1.3 82.2 9.4 0.1 0.8 0.4 0 1.1 0.6 0 0.2 1.4 1.1 0.9 0.4 
6.2.2 50 1.4 76.6 10.8 0.1 0.6 0.7 0.3 2 1.4 0.3 0.4 2.2 1.5 1.3 0.4 
Average 
 
1.2 82.1 9.4 0.1 0.7 0.5 0.1 1.3 0.8 0.1 0.4 1.2 1.0 0.7 0.3 
2.1.1 0 1.6 80.6 4.7 0.1 0.6 1.8 1.1 3.3 1.1 0.4 0.2 2.3 1.2 0.6 0.4 
2.1.3 50 1.5 83.7 5.1 0.2 0.3 1 0.9 2.7 1 0.3 0.2 1.6 1.1 0 0.4 
2.1.5 65 0 5.2 74.5 0 2.2 0.9 0 0.2 7.9 0 3.7 0.9 3.2 0.6 0.6 
2.1.6 110 0 3.5 80.5 0 2.2 1.6 0 0 5.8 0.3 0 0 4.3 1.4 0.3 
2.1.7 150 0 4.1 83.4 0 1.3 0.7 0 0 5.8 0 0 0 3.3 1.1 0.3 
2.2.1 280 1.2 86.9 3.8 0.3 0 1.2 0.3 1.3 1.2 0.2 0.5 0.6 1.1 1 0.3 
2.2.2 220 2.4 82.2 5.6 0 1.7 0.8 0.3 1.2 0 0.5 0.6 3.3 0 0.9 0.4 
2.2.5 320 0 4.4 83.9 0.3 1.5 0.3 0 0 4.3 0.2 0 1.7 1.6 1.3 0.4 
Average 
 
0.8 43.8 42.7 0.1 1.2 1.0 0.3 1.1 3.4 0.2 0.7 1.3 1.9 0.9 0.4 
5.1.1 25 0.4 86.2 1.1 0 3.8 1.7 0 0.9 0.7 0 0.2 0.9 0.5 0.9 2.7 
5.2.1 75 0 84.1 8.4 0.3 0.4 0.4 0.7 1.7 1.1 0.4 0.2 0.6 1.1 0.3 0.3 
5.2.2 70 9.2 66.1 10 0 3.1 1 0.3 1.7 0.3 0.4 0.4 4.3 0 1.1 1.8 
Average 
 
3.2 78.6 6.1 0.1 2.4 1 0.3 1.4 0.7 0.3 0.3 1.9 0.5 0.8 1.6 
Al-Ruwais 
R3 
 
10 81 4.7 0.2 1.1 0 2 0 0 0.4 0.5 0 0 0 0 
R8 
 
6.7 27.6 2.3 1.4 0 0 59.7 0 0 1.7 0.6 0 0 0 0 
R9 
 
9 62.9 6.3 2 4.3 0 0 0 0 14.9 0.5 0 0 0 0 
R17 
 
6.7 38.1 3.6 1.1 5.7 0 40.9 0 0 2.7 1.2 0 0 0 0 
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R18 
 
2.8 31.5 7.3 3.1 2.3 0 49.2 0 0 2.8 1 0 0 0 0 
R19 
 
4.9 41.7 6.1 3.9 1 0 36.6 0 0 4 1.7 0 0 0 0 
 
Average 
 
6.7 47.1 5 2 2.4 0 31.4 0 0 4.5 0.9 0 0 0 0 
 
Appendix 2-D: XRD results for the beach rock 
Loc Sample No Aragonite Calcite High Mg Calcite Dolomite Gypsum Kaolin Quartz Albite Orthoclase Ankerite Siderite Illite Muscovite Biotite Mixed Layer 
Lower 1.1BR.1 36.2 4.3 21.3 0 22.9 0.3 0 0 6.4 0 0 0 6.4 2 0 
1 1.1BR.2 29.7 12.4 34.3 0.1 1.5 0.9 0.1 0.4 8 0.6 0.4 0.4 6 4.6 0.4 
 
1.1BR.3 53.6 6.5 19.4 0 0.3 0.4 0 2 7.3 0.1 0.2 0 9.3 0.5 0.4 
 
1.1BR.4 17.3 7.5 48.1 0 1.2 0.8 0.5 0.4 8.9 0.1 1.2 5.8 1.1 6.6 0.4 
 
Average 34.2 7.7 30.8 0 6.5 0.6 0.2 0.7 7.7 0.2 0.5 1.6 5.7 3.4 0.3 
Lower 7.BRD.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
7 7.BRD.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
 
7.BRD.3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
 
Average 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Upper 1.2BR.1 38.9 9.4 29 0 0.4 0.4 0 0 8.6 0 0 0 9.4 4 0 
1 1.2BR.2 61.8 5.4 15.9 0 0 0.4 0 0 6.3 0 0 0 8.2 1.8 0 
 
1.BR2.2 36 8.5 19.7 0 4.1 3.5 0 0 11.5 0 0 0 16.5 0 0 
 
1.2BR.3 42.3 5 14 0 3.9 3.4 0.8 3.7 7.3 0 0 0 11.8 7.8 0 
Upper 7.BRU.1 44.7 7.1 19.7 0 2.1 1.9 0.2 0.9 8.4 0 0 0 11.5 3.4 0 
7 
 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
 
Average 3.2 78.6 6.1 0.1 2.4 1 0.3 1.4 0.7 0.3 0.3 1.9 0.5 0.8 1.6 
 
 
